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!! !i"
I.(Thesis(summary(
!
Recent! attempts! to! elucidate! the! genetic! architecture! of! complex! epilepsies! have! been!
limited! by! a! variety! of! issues! including! phenotypic! ambiguities,! small! sample! sizes! and!
restricted!genetic!scope.!This! thesis!employed!a!diverse!array!of!genetic!mapping!and!MRI!
techniques! to! help! improve! the! power! of! genetic! mapping! efforts! and! thus! our!
understanding! of! the! neurobiological! factors! contributing! towards! common! forms! of! the!
disorder.!!
!
As!part!of!a!collaborative!metaKanalysis!of!GWAS!data!on!complex!epilepsies,!we!contributed!
to!the! identification!of! loci!at!2q24.3! (implicating!the!SCN1A!gene)!and!4p15.1! (implicating!
the!PCDH7!gene)!as!risk!factors!for!epilepsy!in"general,!in!addition!to!a!third!locus!at!2p16.1!
(implicating! VRK2)! as! a! risk! factor! for! idiopathic" generalised! epilepsy.! Genetic! variants!
showing!strong!signals!of!association!with!epilepsy!(from!our!metaKanalysis)!also!significantly!
correlated! with! genetic! variants! showing! strong! signals! of! association! with! hippocampal!
volume! (from! an! independent! metaKanalysis;! ENIGMA2).! Nominal! ensembles! of! these!
hippocampal! variants! did! not! predict! disease! state! (epilepsy! patient/healthy! control);!
suggesting!that!larger!samples!and!more!fineKgrained!phenotypes!are!necessary!in!order!to!
detect!any!polygenic!effect!of!ENIGMA2KHippocampus!variants!on!epilepsy!predisposition.!
!
Turning!our!attention!to!phenotypic!ambiguities!in!epilepsy,!we!employed!diffusion!MRI!to!a!
series! of! epilepsy! patients! with! no! abnormal! findings! on! routine! medical! imaging! (‘nonK
lesional’! epilepsy),! their! genderKmatched,! asymptomatic! siblings,! an! independent! group! of!
epilepsy! patients! with! mesial! temporal! sclerosis! (‘lesional’! epilepsy)! and! healthy! control!
participants.!We!identified!distinct!patterns!of!structural!connectivity!disruption!in!both!the!
lesional!and!nonKlesional!epilepsy!groups,!in!addition!to!supporting!the!role!of!heritable,!coK
segregating! microstructural! changes! along! limbic! white! matter! tracts! as! intermediate!
phenotypes!(endophenotypes)!in!nonKlesional!epilepsy!patients!and!their!unaffected!siblings.!
!
This!thesis!has!illustrated!how!multiKmodal!medical!imaging!and!genetic!mapping!techniques!
can!be!employed!as! two!distinct!but!complimentary!approaches!to!elucidate!novel!genetic!
and!neuroanatomical!aspects!of!epilepsy.!Future!studies!could!combine!these!techniques!in!
the!largeKscale!collaborative!application!of!imaging"genetics!in!the!disorder.!!!
!! !ii"
II.(External(contributions((!
!
Magnetic!resonance!imaging!for!this!project!commenced!in!2010!in!the!Centre!for!Advanced!
Medical! Imaging! (CAMI),! St.! James’s! Hospital,! Dublin! 8.! Dr.! Parames!M.! Iyer! and!Dr.! Saud!
Alhusaini! initially! collected! data! as! part! of! their! respective! Ph.D.! theses.! Dr.! Iyer! collected!
MRI!data!for!approximately!38!epilepsy!patients;!Dr.!Alhusaini!collected!scans!for!26!epilepsy!
patients,!26!of!their!unaffected!siblings!and!27!healthy!controls.!Throughout!the!duration!of!
the! present! thesis,! which! began! in! August! 2012,! the! continuation! of! MRI! scanning! was!
conducted! by! the! candidate,! Mr.! Christopher! Whelan.! Mr.! Whelan! collected! structural,!
functional!and!diffusion! tensor! images! for!66!epilepsy!patients! (in!part,! recruited! from!the!
Health! Service! Executive’s! Rapid" Access! initiative)! and! 53! neurologically! healthy! controls.!
MRI! data! analysed! as! part! of! the! present! thesis! therefore! comprised! an! amalgamation! of!
scans! collected! by! Dr.! Iyer,! Dr.! Alhusaini! and! Mr.! Whelan! based! on! a! number! of! strict!
inclusion!and!exclusion!criteria!(see!chapters!5!and!6!for!further!details!of!these!criteria).!!
!
Irish!DNA!samples!analysed!throughout!this!thesis!were!collected!from!a!number!of!sources!
over!a!series!of!twelve!years!(2002K2014)!as!part!of!the!Royal!College!of!Surgeons!Biobank!at!
Beaumont! Hospital,! Dublin.! Mr.! Whelan! conducted! all! genetic! analyses! on! samples! from!
EPIGENKIRELAND,! EPIGENKUK! and! EPIGENKUSA.! The! candidate! generated! all! results! and!
figures! presented! through! sections! 2.3.1! to! 2.3.3! using! the! R! statistics! package.! ILAE!
collaborators! at! London! (Doug! Speed)! and! Hong! Kong! (Zhi! Wei)! originally! generated! the!
metaKanalysis! summary! statistics! and! figures! presented! throughout! sections! 2.3.4.1! to!
2.3.4.4.! However,!Mr.!Whelan! has! since! replicated! these! findings! using! the!METAL! metaK
analysis!software!package!and!reKgenerated!each!image!using!R!and!LocusZoom.!!
(
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1.1!An!introduction!to!epilepsy!
#
1.1.1"Epidemiology"of"epilepsy"
Epilepsy! is! one! of! the! world’s! most! prevalent! neurological! disorders,! transcending! the!
boundaries!of! race,!age,!gender!and!geographical!divide.!The!condition! is!characterised!by!
recurrent,! unprovoked,! excessive! neuronal! discharges! leading! to! seizures1.! Approximately!
50K70!million!people!are!diagnosed!with!epilepsy!worldwide,!with!an!estimated!2.4!million!
new!diagnoses! per! annum2.! In! Ireland,! the!disorder! has! a! lifetime!prevalence!of! 8.3K9! per!
1,000!people!(33,00K36,000!people!over!the!age!of!5)3,!corresponding!with!estimates!across!
other! European! populations4.! Approximately! 80%! of! the! worldwide! incidence! of! epilepsy!
occurs!in!developing!nations,!where!diagnostic!and!therapeutic!interventions!are!considered!
grossly!inadequate2.!!!
!
Epilepsy! is! a! highly! heterogeneous! condition.! Approximately! 2%! of! patients! present! with!
known!genetic! causes,!with! a! further! 18K40%!presenting!with! suspected! genetic! causes! to!
their!illness!(such!as!a!mutation!within!a!regulatory!ion!channel)5,6.!Others!develop!epilepsy!
as! a! consequence! of! environmental! factors,! such! as! traumatic! brain! injury! (TBI,! posing! a!
17.2%! risk!of! epilepsy! in! cases!of! severe! injury7,8).!Other!patients!may!experience! seizures!
secondary! to! a! comorbid!neurological! condition,! such!as! autism9!or!psychiatric! illness10.! In!
light!of!this!heterogeneous!aetiology,!epilepsy!is!not!usually!considered!a!disease,!but!rather,!
a!complex!syndrome!of!distinct!cerebral!disorders!of!the!central!nervous!system!(CNS)11.!
!
1.1.2."Costs"of"epilepsy""
Epilepsy! poses! substantial! socioKeconomical! burdens! on! both! the! state! and! the! individual.!
The!average!European!epilepsy!patient!spends!€877.5!per!annum!on!direct!healthcare!costs!
(inpatient! care,!outpatient! care,! antiKepileptic!drugs! [AEDs],!medical! devices! such!as! vagus!
nerve! stimulators,! rehabilitation! and/or! diagnostic! tests),! €100!on!direct! nonmedical! costs!
(investments! such! as! wheelchairs! or! house! adaptations,! ancillary! treatment,! transport,!
and/or! social! services)! and! €1,711.5! on! indirect! costs! caused! by! losses! in! productivity!
!! !3"
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(difficulties!finding!employment,!offKdays!due!to!seizures,!early!retirement!and/or!premature!
mortality)12.! In! total,! the! European! Union! incurs! approximately! €2,752! million! in! direct!
medical!costs,!€4,240!million!in!direct!nonmedical!costs!and!€8,554!million!in!indirect!costs!
per!year!–!accounting!for!approximately!€15,546!million!per!annum,!or!0.2%!of!the!European!
national!income13.!
!
Notably,!Ireland!accounts!for!~€146!million!of!this!annual!economical!burden!alone,!with!the!
majority! of! costs! (€83!million)! incurred! as! a! result! of! indirect! factors13.!We! used! publicly!
accessible!data!from!the!Economic!and!Social!Research!Institute’s!Hospital!InKPatient!Enquiry!
System! (HIPE)! to! illustrate! this! heavy! economic! burden! (see! Figure! 1).! Patients! with! an!
definite!diagnosis!of!epilepsy!accounted!for!an!average!of!3,751!yearly!hospital!discharges!at!
the! five!major! Health! Service! Executive! (HSE)! regions! throughout! 2000K2012,! whereas! an!
average!of!8,961!patients!were!discharged!from!secondary!or!tertiary!hospitals!with!indirect,!
epilepsyKrelated!comorbidities!per!year.!The!vast!majority!of! these!patients!were!admitted!
through!the!emergency!room.!Figures!do!not!exist!for!the!burden!of!epilepsy!encounters!in!
ambulatory!or!primary!care!centres.!A!notable!drop!in!referrals!occurred!between!2004!and!
2005! under! the! ‘all! diagnoses’! category;! this! may! be! due! to! a! change! in! the! HIPE! report!
coding!schemes!to!fit!the!Australian!model!of!the!International!Classification!of!Diseases.!!
!
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Figure(1:(Annual(discharges(related(to(epilepsy(from(2000(to(2012.((
Data" were" extracted" via" the" publically" available" HIPE" computerised" catalogue" (http://www.esri.ie/health_information/)." On"
average,"8,961"annual"clinical"encounters"involved"epilepsy"as"a"principal"diagnosis"or"epilepsy"as"a"coGmorbid"feature"(red"line),"
whereas"an"average"of"3,751"annual"clinical"encounters" involved"epilepsy"as"their"principal"diagnosis"alone"(blue" line)."The"five"
health"regions"considered"were:"(i)"HSE"Dublin"North"East,"(ii)"HSE"Dublin"Mid"Leinster,"(iii)"HSE"West,"(iv)"HSE"South"and"(v)"all"
other"centres.""
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Beyond!these!prevalent!financial!burdens,!epilepsy!also!imposes!several!negative!effects!on!
the! patient’s! overall! quality! of! life,! from! the! risk! of! sudden! unexpected! death! in! epilepsy!
(SUDEP),! to! a! legallyKenforced! withdrawal! of! the! patient’s! driving! entitlements! lasting! at!
least!one!year!postKseizure,!to!the!risk!of!adverse!drug!reactions!including!severe,!blistering!
rashes14,! to! pervasive! social! stigma,! often! caused! by! a! general! misunderstanding! of! the!
disorder!among!the!general!public15.!Intellectual!disability!is!observed!in!up!to!25%!of!cases!
of!epilepsy16,!while!other!neurological!illnesses,!including!psychosis,!depression!and!anxiety,!
are!frequently!coKmorbid!with!the!disorder17.!
!
1.1.3."Treatment"of"epilepsy""
The! majority! of! epileptic! seizures! are! treated! using! antiKepileptic! drugs! (AEDs).!
Approximately! 50%! of! patients! achieve! seizure! freedom! in! response! to! their! first! AED.!
Unsuccessful!cases!are!usually!treated!with!another!firstKline!AED,!or!possibly!a!combination!
of!AEDs!(referred!to!as!polytherapy).!However,!in!approximately!20K40%!of!these!cases,!the!
patient!still!remains!resistant!(more!commonly!referred!to!as!refractory)!to!AED!treatment18.!
A!number!of! alternative! therapeutic! strategies!may!be!undertaken! in! refractory! cases.! For!
example,! the! patient!may! be! instructed! to! follow! a! highKfat,! lowKcarbohydrate,! ketogenic!
diet.!This!diet!limits!the!amounts!of!glucose!available!to!the!brain!by!mimicking!the!effects!of!
starvation,! whilst! metabolising! fats! to! ketone! bodies! in! order! to! substitute! for! depleted!
glucose! levels.! The! ketogenic! diet! is! most! commonly! prescribed! in! childhood! refractory!
cases,!although!a!modified!version!has!been!recommended!for!adult!epilepsy!patients!who!
show!poor!response!rates!after!two!trials!of!suitable!AEDs19.!!
!
More! commonly,! up! to! 50%! of! all! refractory! epilepsy! patients! are! candidates! for!
neurosurgical! intervention20.! Neurosurgery! for! epilepsy! may! be! palliative! (with! an! aim! to!
reduce!the!frequency!and/or!severity!of!seizures)!or!curative!(with!an!aim!to!resect!an!entire!
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section!of!damaged!grey!matter).!Palliative!neurosurgical!therapies!include!implantations!of!
stimulatory!devices!targeted!at!specific!brain!regions,!such!as!deep!brain!stimulation!(DBS)!
and! vagal! nerve! stimulation! (VNS).! VNS! has! yielded! variable! success! rates,! with! ~33%! of!
patients! showing! >50%! seizure! reduction! rates,! ~33%! reporting! limited! improvements! and!
~33%!remaining!refractory!to!the!treatment21.!Curative!surgical!therapies!are!usually!guided!
by!an!electroencephalograph!(EEG)!examination,!which,!during!the!postKseizure!(post:ictal)!
period,!can! identify! regions!of! the!brain!showing!slower! frequencies,! typically! indicative!of!
the! seizure! onset! zone! (SOZ).! Patients! also! undergo! a! Wada! test,! whereby! a! barbiturate!
(sodium!amobarbital)! is! injected! into! the! internal!carotid!artery!on!one!side!of! their!brain,!
effectively!‘shutting!down’!their!language!and!memory!functions.!The!patient,!who!remains!
awake,! then! undergoes! a! battery! of! language/memory! tasks! in! order! to! evaluate! the!
functioning!of!the!other!hemisphere,!ultimately!informing!the!surgeon!on!any!potential!postK
operative! functional! impairments.!Following! this!Wada! test,!brain! tissue!around!the!SOZ! is!
resected.!This!procedure!is!commonly!conducted!in!refractory!forms!of!mesial!temporal!lobe!
epilepsy,!whereby! the!anterior!portions!of! the!amygdala!and!hippocampus!are! completely!
removed! (amygdalohippocampectomy).! Resective! neurosurgery! yields! an! approximate! 30K
60%! seizure! freedom! rate! in! intractable! epilepsies,! depending! on! the! type! of! operation!
undertaken20.! However,! many! refractory! patients! are! not! currently! eligible! for! surgical!
intervention.! This! has! encouraged! practitioners! to! refine! their!methodologies,! particularly!
the!imaging!techniques!they!use!to!characterise!the!SOZ,!as!we!will!discuss!in!section!1.4.2.!!
!
1.1.4."Classifying"epileptic"seizures"and"syndromes"
According!to!the!International!League!Against!Epilepsy’s!(ILAE)!official!definition,!an!epileptic!
seizure! is! a! transient! occurrence! of! signs! and/or! symptoms! due! to! abnormal! excessive! or!
synchronous! neuronal! activity! in! the! brain22.! In! light! of! this! broad! characterisation,! the!
clinical!manifestations!of!a!seizure!can!vary!greatly!from!one!patient!to!the!next.!Since!1981,!
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the! ILAE! has! divided! seizures! into! two! major! classifications23.! The! first,! referred! to! as! a!
‘primary( generalised’! seizure,! involves! bilaterally! symmetrical,! widespread! neuronal!
discharges! which! lack! explicit! onset! in! the! brain! and! invariably! cause! the! patient! to! lose!
consciousness.!The!second,!referred!to!as!a!‘partial’!(or!focal)!seizure,!arises!from!a!specific,!
localised!region!of!the!brain1.!!
!
The! behavioural! manifestations,! motor! symptoms! and/or! loss! of! consciousness! (LOC)!
associated!with!an!epileptic!seizure!can!be!used!to!further!differentiate!primary!generalised!
and!partial! subtypes.!Partial! seizures!are!subKclassified! into!events! that!do!not! involve!LOC!
(simple# partial# seizures),! events! that! either! begin! with,! or! develop! into! a! LOC! (complex#
partial# seizures),! and! events! in! which! the! excessive! neuronal! discharge! spreads! from! its!
initial! focus! to! both! hemispheres! of! the! brain;! progressing! to! a! generalised! seizure! with!
concomitant! LOC! (secondarily# generalised# seizures)1.! Generalised! seizures! are! subKdivided!
into!attacks!of! sudden!onset,! involving!a!brief! interruption!of!activities,!blank!stare!and,! in!
some!cases,!a!rapid,!upward!rotation!of!the!eyes!(absence#seizures),!events!characterised!by!
sudden,!brief!contractions!that!can!be!generalised!or!confined!to!specific!muscles,!often!of!
the!face!(myoclonic# seizures),!events!characterised!by!a!violent!stiffening!of!the!body!tone!
(tonic# seizures),!events! involving!repetitive!jerks!(clonic# seizures)!and!events! involving!both!
jerking!and!stiffening!of!the!muscles!(tonic:clonic#seizures)23.!!
!
In!1989,!the!ILAE!revised!these!classifications!in!order!to!help!clinicians!differentiate!patients!
into!specific!epileptic!syndromes24.!Four!major!syndromic!subKclassifications!were!delineated!
on! the! basis! of! two! simple! dichotomies:! (i)! generalised! versus! localisationKrelated! and! (ii)!
idiopathic! versus! symptomatic.! The! first! dichotomy! addresses! the! focus! of! a! seizure! –!
whether! it!affects!a!relatively! isolated!region!of! the!brain! (localisation:related#epilepsy,# or!
LRE)!or!encompasses!the!entire!cortex!(generalised#epilepsy,#or!GE).!The!second!dichotomy!
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concerns! the! aetiology! of! the! syndrome! itself! –! whether! the! patient’s! seizures! are!
considered!a!consequence!of!an!acquired!brain!injury!(symptomatic#syndromes)!or!as!having!
no!underlying!cause!other!than!possible!hereditary!influences!(idiopathic#syndromes).!Table!
1!illustrates!this!‘fourKfield!system’!encompassing!the!majority!of!clinical!syndromes25.!
!
Table(1:(‘Four0field’(classification(of(epileptic(syndromes(
Syndrome*! Acronym! Description!! Examples!
LocalisationKrelated!idiopathic! (i)LRE!! Seizure!activity!
isolated!to!specific!
brain!region,!related!
to!a!genetic!
aetiology!
Parietal!lobe!epilepsy!
Occipital!lobe!epilepsy!
Frontal!lobe!epilepsy!!
Temporal!lobe!epilepsy!
LocalisationKrelated!symptomatic! (s)LRE! Seizure!activity!
isolated!to!specific!
brain!region,!
presumed!to!be!
related!to!an!
acquired!brain!injury!
Parietal!lobe!epilepsy!
Occipital!lobe!epilepsy!
Frontal!lobe!epilepsy!!
Temporal!lobe!epilepsy!
Generalised!idiopathic! IGE! Seizures!encompass!
multiple!brain!foci,!
presumed!genetic!
aetiology!
Generalised!epilepsy!with!
febrile!seizures!
Benign!infantile!myoclonic!
epilepsy!
Juvenile!myoclonic!epilepsy!!
Juvenile!absence!epilepsy!
Childhood!absence!epilepsy!
Generalised!symptomatic! SGE!! Seizures!encompass!
multiple!brain!foci,!
presumed!to!be!
related!to!an!
acquired!brain!injury!
Generalised!epilepsy!with!
febrile!seizures!
Benign!infantile!myoclonic!
epilepsy!
Juvenile!myoclonic!epilepsy!!
Juvenile!absence!epilepsy!
Childhood!absence!epilepsy!
Table"legend:"Epilepsy"syndromes"are"broadly"divided"into"localisationRrelated"and"generalised"syndromes."These"two"forms"of"
epilepsy"are"further"subdivided"into"cases"with"a"genetic"aetiology"(idiopathic)"or"an"acquired"pathology"(symptomatic)."Certain"
‘loose"ends’"exist,"including:"special"syndromes;"undetermined"epilepsies"&"cryptogenic"epilepsies."Adapted"from"Wolf"(2006).""
!
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LocalisationKrelated! epilepsies! are! isolated! to! one! of! the! brain’s! four! major! lobes:! (i)! the!
parietal! lobe,! (ii)! the! occipital! lobe,! (iii)! the! frontal! lobe!or! (iv)! the! temporal! lobe.! Parietal!
lobe! epilepsy! (PLE)! is! rare;! accounting! for! only! a! small! percentage! (<5%)! of! LREs26.! It! is!
usually! characterised! by! predicative! perceptual! disturbances! (also! known! as! auras)! and!
somatosensory! seizures27.! Occipital! lobe! epilepsy! (OLE)! is! also! relatively! uncommon;! its!
seizures!are!usually!characterised!by!!visual!hallucinations!or!illusions28.!Frontal!lobe!epilepsy!
(FLE)!accounts!for!approximately!25%!of!all!refractory!LRE!cases!and!is!typically!characterised!
by!fluctuating!tonicKclonic!(and!occasional!hypermotor)!phases29.!!
!
Temporal! lobe! epilepsy! (TLE)! is! the! most! prominent! medically! intractable! form! of! LRE;!
representing!between!50K73%!of!all!cases!assessed!in!surgical!centres30.!TLE!is!characterised!
by! recurrent! simple!partial,! complex!partial! and/or! secondarily! generalised! seizures!arising!
from!foci!within!the!temporal!lobe1.!Seizure!onset!most!commonly!originates!in!the!midKlying!
hippocampal! regions! of! the! temporal! lobe! (medial! TLE;!MTLE)! but!may! alternatively! arise!
from!the!outer!temporal!surface,!closer!to!the!neocortex!(lateral!TLE;!LTLE)31.!
(
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Figure(2:(Surface(anatomy(of(the(mesial(temporal(region((left(hemisphere).((
CS"="collateral"sulcus;"DG"="dentate"gyrus;"EC"="entorhinal"cortex;"FC"="fasciola"cinerea;"FG"="fusiform"gyrus;"FI"="fimbria;"FIGF"="
transition"from"fimbria"to"fornix;"GA"="gyrus"ambiens;"GS"="gyrus"semilunaris;"HS"="hippocampal"sulcus;"IS"="intrarhinal"sulcus;"PG"
="parahippocampal" gyrus;" POS"=" parietoGoccipital" sulcus;" SCC"=" splenium"of" corpus" callosum;" SSA"=" sulcus" semiannularis;"U" ="
uncus;"UC"="uncal"cleft."From"Bernasconi"et"al.,"1999."
!
TLE! is!the!most!common!cause!of! localization!related!seizures32!and! is!the!most!prominent!
medically! intractable! LRE! amenable! to! surgery33.! Patients! suffering! from! temporal! lobe!
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seizures! manifest! a! wide! variety! of! clinical! symptoms;! ranging! from! autonomic! effects!
(pupillary!dilation,!sweating),!automatic!behaviours!(‘automatisms’!such!as!lip!smacking!and!
fumbling)! affective! disorders! (fear,! exhilaration),! predicative! hallucinations,! also! known! as!
auras1! and! cognitive!deficits;! including! impairments!of!memory34,! executive! function35! and!
fullKscale! IQ36.! These! symptoms! are! associated! with! increased! morbidity! and! premature!
mortality! in!a! large!proportion!of! refractory!TLE!patients;!emphasising! the!urgent!need! for!
novel!therapeutic!interventions!in!the!disorder37.!!
!
The!ILAE!officially!recognises!six!major!forms!of!idiopathic!generalised!epilepsy!(IGE)38.!They!
include! (i)! generalised! epilepsy! with! febrile! seizures! (GEFS+),! characterised! by! familial,!
childhood! seizures! associated! with! a! high! temperature,! (ii)! benign! infantile! myoclonic!
epilepsy,!a!neonatal!syndrome!involving!myoclonic!spasms,! (iii)! juvenile!myoclonic!epilepsy!
(JME),! which! typically! starts! later! in! childhood! or! early! adolescence! and! involves! muscle!
spasms! or! jerking,! (iv)! juvenile! absence! epilepsy! (JAE),! which! usually! occurs! between! the!
ages!of!9K12!and! is!characterised!by!a! loss!of!awareness!or! ‘staring’,! (v)!childhood!absence!
epilepsy! (CAE),! involving! the! same!symptoms!as! JAE,!but!between! the!ages!of!4K9!and! (vi)!
epilepsy!with!generalised!tonicKclonic!seizures!only38.!!
!
The!1989!classification!finally!outlines!three!notable!‘loose!ends’25.!First,!epilepsies!of!hidden!
or!unclear!aetiology!are!known!as!cryptogenic!syndromes.!Secondly,!seizures!that!occur!only!
once! (or! very! few! times)!over! a!person’s! lifespan,! such!as! febrile! convulsions! and! seizures!
resulting!from!metabolic!or!toxic!events,!are!classified!as!special!syndromes.!Finally,!patients!
who!either! (i)!manifest!an!equal!number!of!primary!generalised!and!partial! seizures!on!an!
electroencephalogram!(EEG),!or!(ii)!present!seizures!that!cannot!be!reliably!defined!as!either!
generalised!or!partial!are!identified!as!undetermined!epilepsies!(see!table!1).!!
!
The! ILAE’s! 1989! terminology! was! revised! in! 2010,! replacing! the! terms! ‘idiopathic’,!
‘symptomatic’! and! ‘cryptogenic’! epilepsy! with! ‘genetic’,! ‘structural/metabolic’! and!
‘unknown’! epilepsy,! respectively39.! As! of! the! time! of! writing,! these! revised! classifications!
have!not!been!widely!adopted!and,!in!some!instances,!have!been!openly!criticised40,41,!so!the!
remainder!of!this!thesis!will!retain!the!ILAE’s!original!1989!terminologies.!!
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1.2!Epilepsy!as!a!genetic!disorder"
1.2.1."Mendelian"epilepsies"as"genetic"disorders"
Genetic!factors!are!thought!to!contribute!towards!≤40%!of!all!epileptic!aetiologies5.!Very!few!
(<1%)!forms!of!epilepsy!show!an!obvious,!distinguishable!pattern!of!inheritance!from!parent!
to! offspring! (referred! to! as!Mendelian! inheritance).! The!majority! of!Mendelian! epilepsies!
involve! mutations! in! the! formation! and/or! regulation! of! ion! channels! (referred! to! as!
channelopathies),!as!summarised!in!table!2!below.!The!broad!strategy!used!to!identify!these!
Mendelian!genes!is!known!as!‘linkage!analysis’,!which!will!be!discussed!in!section!1.3.1.!!
!
Table(2:(Mendelian(epilepsy(genes(
Gene(symbol( Function(
SCN1A" Ion!channel!
SCN1B" Ion!channel!
SCN2A" Ion!channel!
SCN8A" Ion!channel!
SCN9A" Ion!channel!
KCNA1" VoltageKgate!potassium!channel!
KCNQ2" VoltageKgate!potassium!channel!
KCNQ3" VoltageKgate!potassium!channel!
KCNJ11" InwardlyKrectifying!potassium!channel!
KCNJ6" InwardlyKrectifying!potassium!channel!
KCNMA1" CalciumKactivated!potassium!channel!
HCN2" Cyclic!nucleotideKgated!potassium!channel!
CHRNA2" Cholinergic!receptor!!
CHRNA4" Cholinergic!receptor!!
CHRNB2" Cholinergic!receptor!!
GABRA1" GABA!receptor!
GABRB3" GABA!receptor!
GABRD" GABA!receptor!
GABRG2" GABA!receptor!
CLCN2" Chloride!channel!
CACNA1A" VoltageKgated!calcium!channel!!
ARX" XKlinked;!homeobox!protein!
PCDH19" XKlinked;!cellKcell!adhesion!
CDKL5" XKlinked,!serineKthreonine!protein!kinase!
SLC2A1" Glucose!transporter!
LGI1" Glutamatergic!synapse!associating!protein!
Table" legend:" Genes" (column" 1)" are" differentiated" based" on" their" function" (column" 2)." The"majority" (SCN1A" to"
CLCN2)" involve"channelopathies."Some" involve"deleterious"mutations"occurring"on"the"XRchromosome"(‘XRlinked’"
genes;"ARX"to"CDKL5)."Adapted"from"McCormack"(2012)42."
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1.2.2."Idiopathic"generalised"epilepsies"as"genetic"disorders"
IGEs! (which! are! up! to! 80%! heritable43)! account! for! the! vast! majority! of! known! genetic!
epilepsy!syndromes44.!Generalised!epilepsy!with!febrile!seizures!plus!(GEFS+)!is!a!prominent!
example! of! generalised! epilepsy! with! a! clear! genetic,! familial! basis.! The! disorder,! whose!
clinical! characteristics! vary! from! simple! febrile! seizures! to! severe! infant! myoclonus45,! has!
previously!been!associated!with!mutations!in!SCN1A,"SCN1B,"SCN2A,"SCN8A,"SCN9A,"GABRD"
and" GABRG2," depending! on! the! specific! clinical! phenotype! presented46,47.! Like!Mendelian!
forms!of!epilepsy,!the!vast!majority!of!these!genes!involve!channelopathies,!as!summarised!
in!table!3:!!
!
Table(3:(Idiopathic(generalised(epilepsy(genes(
Gene(symbol(( Gene(description(
ALDH7A1" Aldehyde!dehydrogenase!7!family,!member!A1!
BRD2"" Bromodomain!containing!2!
CACNA1A" Calcium!channel,!voltageKdependent,!P/Q!type,!alpha!1A!subunit!
CACNA1H"" Calcium!channel,!voltageKdependent,!T!type,!alpha!1H!subunit!
CACNB4"" Calcium!channel,!voltageKdependent,!beta!4!subunit!
CASR"" CalciumKsensing!receptor!
CHRNA2"" Cholinergic!receptor,!nicotinic,!alpha!2!(neuronal)!
CHRNA4"" Cholinergic!receptor,!nicotinic,!alpha!4!
CHRNB2"" Cholinergic!receptor,!nicotinic,!beta!2!(neuronal)!
CLCN2"" Chloride!channel!2!
CSTB"" Cystatin!B!(stefin!B)!
EFHC1"" EFKhand!domain!(CKterminal)!containing!1!
EPM2A"" Epilepsy,!progressive!myoclonus!type!2A,!Lafora!disease!(laforin)!!
GABRA1"" GammaKaminobutyric!acid!(GABA)!A!receptor,!alpha!1!
GABRB3"" GammaKaminobutyric!acid!(GABA)!A!receptor,!beta!3!
GABRD"" GammaKaminobutyric!acid!(GABA)!A!receptor,!delta!
GABRG2"" GammaKaminobutyric!acid!(GABA)!A!receptor,!gamma!2!
GPR98"" G!proteinKcoupled!receptor!98!
GRIN2A"" Glutamate!receptor,!ionotropic,!NKmethyl!DKaspartate!2A!
GRIN2B"" Glutamate!receptor,!ionotropic,!NKmethyl!DKaspartate!2B!
KCNMA1" Potassium! large! conductance! calciumKactivated! channel,! subfamily! M,!
alpha!member!1!
KCNQ2"" Potassium!voltageKgated!channel,!KQTKlike!subfamily,!member!2!
KCNQ3"" Potassium!voltageKgated!channel,!KQTKlike!subfamily,!member!3!
KCTD7"" Potassium!channel!tetramerisation!domain!containing!7!
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MBD5" MethylKCpGKbinding!domain!protein!5!
ME2"" Malic!enzyme!2,!NAD(+)Kdependent,!mitochondrial!
NHLRC1"" NHL!repeat!containing!1!
PCDH19"" Protocadherin!19!
PRICKLE1"" Prickle!homolog!1!(Drosophila)!
PRICKLE2"" Prickle!homolog!2!(Drosophila)!
SCARB2"" Scavenger!receptor!class!B,!member!2!
SCN1A"" Sodium!channel,!voltageKgated,!type!I,!alpha!subunit!
SCN1B"" Sodium!channel,!voltageKgated,!type!I,!beta!subunit!
SCN2A"" Sodium!channel,!voltageKgated,!type!II,!alpha!subunit!
SCN9A"" Sodium!channel,!voltageKgated,!type!IX,!alpha!subunit!
SLC2A1"" Solute!carrier!family!2!(facilitated!glucose!transporter),!member!1!
TBC1D24" TBC1!domain!family,!member!24!
Table" legend:"Disease"genes"were"identified"in"IGE"patients"with"myoclonic"seizures,"febrile"seizures"and"absence"seizures."The"
vast" majority" of" these" genes" involve" channelopathies," although" some" (such" as" SLC2A1)" disrupt" the" activity" of"
excitatory/inhibitory"neurotransmitters"throughout"the"CNS."Table"adapted"from"Garofalo"et"al."(2012)48."
"
1.2.3."LocalisationRrelated"epilepsies"as"genetic"disorders"
Although! IGEs!account! for! the!vast!majority!of!known!genetic!epilepsy!syndromes,!genetic!
factors!are!still!thought!to!play!a!substantial!role!in!localisationKrelated!forms!of!the!disorder!
such! as! TLE.! Twin! studies! have! shown! that! LREs! are! between! 30K36%! heritable! in!
monozygotic! twins!and!5K10%! in!dizygotic! twins49,50.! Indeed,!a! small!number!of! syndromeK
specific! genetic! factors! have! been! associated!with! localisationKrelated! forms! of! epilepsy51.!
These! include! TBC1D24;! a! mutation! in! the! TBC1! GTPasesKinteracting! protein! family!
associated!with!nonKspecific!forms!of!focal!epilepsy!comorbid!with!intellectual!disability;!and!
CHRNA4;!a!nicotinic!cholinergic!receptor!associated!with!nocturnal!forms!of!FLE51.!TLE!–!the!
most! prevalent! medically! intractable! LRE! –! has! been! associated! with! a! handful! of!
susceptibility! genes! via! candidate! gene! analysis,! although! the! vast! majority! of! these! are!
specific!to!monogenic,!‘familial’!forms!of!the!disorder.!They!include!(i)!LGI1!–!a!leucineKrich,!
gliomaKinactivated!gene!located!on!chromosome!10q!which!is!associated!with!a!specific!form!
of!autosomalKdominant!lateral!TLE!(ADLTE),!(ii)!ILK1B,!ApoE,!GABBR1,!SCN1a,!SCN1b,!SCN2a,!
SCN3B,!GRIN1! and!PRNP,! all! of!which!have!been! tentatively! associated!with! familial!mTLE!
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(FMTLE)! and! (iii)! two! unnamed! loci! on! chromosome! 2q! and! 22q12! which! have! been!
associated!with!a!rare!form!of!familial!partial!epilepsy!with!variable!foci!(FPEVF)52.!
!
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Figure(3:(Candidate(genes(and(loci(implicated(in(TLE.(
Image"adapted"from"Hwang"et"al."(2012)."The"authors"identify"three"forms"of"genetic"TLE:"(i)"ADLTE:"Autosomal"dominant"lateral"
TLE;"(ii)"FMTLE:"Familial"mesial"TLE"and"(iii)"FPEVF:"familial"partial"epilepsy"with"variable"foci.""
!
However,! with! the! lone! exception! of! LG1! and! its! role! in! familial! ADLTE,! the! association!
between! these! variants! and! their! respective! forms! of! TLE! has! not! been! replicated53.!
Furthermore,!attempts!to!isolate!genetic!precursors!to!common,!nonKfamilial!(also!known!as!
sporadic)! forms! of! LRE! have! only! identified! one! gene! K! DEPDC5! K! which! is! generally!
associated!with!familial!LREs54,!but!may!also!contribute!towards!sporadic!focal!forms!of!the!
condition55.!!
!
Sporadic! forms! of! epilepsy! typically! have! a! more! complex! genetic! architecture! extending!
beyond! the! singleKgene! (monogenic)! disorders! discussed! above.! The! epilepsy! research!
community’s! ! predominant! emphasis! upon! these! monogenic,! Mendelian! disorders! only!
began! to! wane! at! the! turn! of! the! millennium.! Modern! genetic! mapping! techniques! now!
allow! us! to! determine! the! architecture! of!more! complex! forms! of! epilepsy! involving! both!
environmental!and!genetic!components.!As!we!will!discuss! in!section!1.3,!these!techniques!
have!evolved! from!simple! linkage!studies! (focusing!on!monogenic!epilepsies),! to!candidate!
gene! investigations,! to! more! recent! techniques! like! genomeKwide! association! and! nextK
generation!sequencing.!!
!
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1.2.4."Epigenetic"mechanisms"underlying"epileptic"disorders""
Heritable,!selfKperpetuating!phenotypic!modifications!that!are!not!caused!by!changes!in!the!
DNA!sequence!are!most!commonly!referred!to!as!epigenetic!alterations.!These!modifications!
typically! occur! on! histone! proteins,! directly! producing! changes! in! chromatin! structure! and!
indirectly! causing! changes! in! the! patterns! of! gene! expression56.! Recent! studies! have!
highlighted!a!role!for!epigenetic!mechanisms!in!epilepsy.!For!example,!the!repressor!element!
1Ksilencing!transcription!factor!(REST)! is!known!to!mediate!transcription!patterns!that!drive!
circuit!excitability57.!In!epilepsy,!recurrent!seizure!activity!may!induce!widespread!changes!in!
the!expression!of!a!number!of!genes!via!REST,! including!Gria2! (a!glutamate!receptor!gene)!
and! HCN1! (hyperpolarizationKactivated! cyclic! nucleotideKregulated! cation! channel! gene,!
which!typically!‘dampens’!spontaneous!rhythmic!activity!in!the!cortex)57.!In!the!pilocarpineK
induced!animal!model!of!epileptogenesis,!acetylation!of!histone!4!may!cause!modifications!
of! genes! such! as! BDNF58! (brainKderived! neurotrophic! factor! –! promotes! the! growth,!
maturation! and! maintenance! of! neurons).! Human! epilepsy! syndromes! such! as! TLE! may!
involve! increased! expression! of! DNMT1" (DNA! methyltransferase! 1)59,! DNMT3A! (DNA!
methyltransferase! 3A)59! ! and!HDAC2" (histone! deacetylase! 2)60," all! of! which! catalyse! DNA!
methylation! processes! targeting! the! Reelin! gene,! which! regulates! neuronal! migration! and!
positioning!processes!in!the!developmental!brain56.!While!the!field!of!epigenetics!is!still!in!its!
infancy! in!epilepsy,! these! findings! suggest! that! recurrent! seizure!activity! is!associated!with!
epigenetic! regulation! of! gene! transcription! changes,! providing! an! alternative! aetiological!
basis!to!epilepsy!that!cannot!be!clearly!explained!by!genetic!or!environmental!factors!alone.!!
!!
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1.3.!Improving!our!understanding!of!epilepsy!through!
genetic!mapping!"
"
1.3.1."Linkage"analysis"
Linkage!and!linkage!disequilibrium!are!two!fundamental!concepts!in!genetics!research.!Two!
points!along!the!genome!(loci)!are!thought!to!be!linked!if!they!are!transmitted!together!from!
parent! to! child!more! often! than! expected! under! independent! assortment61.! Contrastingly,!
loci!are!thought!to!be!in!linkage"disequilibrium!(LD)!if!the!association!between!two!alleles!is!
nonKrandom.! Parametric! linkage! analysis! –! the! most! commonly! applied! form! of! linkage!
analysis! in! epilepsy! research! K! tests! for! the! coKsegregation! of! loci! throughout! pedigrees61.!
Family!members! are! probed! for! genomic! regions! that! are! shared,! or! identical" by" descent!
(IBD),! from! one! generation! to! the! next.! Three! prominent! examples! of! epilepsy! genes!
identified! through! linkage!analysis! include!SCN1A62,!CHRNA449!and!CHRNB250.!SCN1A62!was!
associated! with! GEFS+! by! analysing! the! pedigrees! of! large! families! with! several! affected!
family! members.! Similarly,! CHRNA449! and! CHRNB250! were! associated! with! ADLTE! by!
analysing!family!pedigrees!of!affected!individuals.!
!
Successful!identification!of!a!susceptibility!locus!using!linkage!analysis!is!often!determined!by!
the!size!(and!number)!of!the!pedigree(s)!under!investigation,!the!genetic!architecture!of!the!
disease!phenotype!(for!example,!does!it!involve!one!locus!or!several?)!and!the!proportion!of!
individuals! in! the! general! population! who! carry! the! mutation! and! exhibit! its! clinical!
symptoms!(penetrance).!Linkage!studies!are!typically!too!lowKpowered!and!lowKresolution!to!
detect!variants!associated!with!more!complex!disease!phenotypes!such!as!sporadic!epilepsy!
(although! less! common,! Mendelian! epilepsies! are! more! suited! to! the! technique)63.!
Ultimately,!the!Mendelian!framework!adopted!by!a!linkageKbased!design!begins!to!fail!when!
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multiple!biological! pathways! (i.e.! genes)! are! involved!or! if! environmental! factors! influence!
the!disorder64.!!
"
1.3.2."Candidate"gene"studies"
As!the!genetics!community!shifted!its!focus!from!a!simplistic!Mendelian!paradigm!towards!a!
more! complex! understanding! of! disease! aetiology,! researchers! began! conducting!
experiments!to!test!for!statistical!associations!between!suspected!susceptibility!variants!and!
disease!phenotypes.!This! technique!–!known!as!candidate"gene! analysis!–! focuses!on!an!a"
priori! hypothesis! about! a! gene,! probing! for! statistical! correlations! based! on! some! prior!
knowledge!of!the!gene’s!biological!pertinence64.!Perhaps!the!most!prominent!example!of!an!
epilepsyKrelated! candidate! gene! is! CACNA1A.! This! calcium! channel! mutation! was! first!
identified!using!animal!models!of!absence!epilepsy!and!subsequently!translated!to!a!human!
population65.!A! series!of!ensuing!candidate!gene!studies!used! transgenic!mouse!models! to!
‘knock! out’! proteins! that! interact! with! calcium! channels! in! an! attempt! to! show! a! causal!
genetic! effect! (typically! by! adopting! a! ‘case:control’! design,! comparing! the! clinical!
phenotypes!of!knockKout!and!wildKtype!mice).!This!surge!of!candidate!investigations!resulted!
in! the! identification! of! additional! genetic! variants! associated! with! absenceKlike! seizures,!
including!CACNG2!and!CACNB466.!
!
Despite! the! theoretically! superior! statistical! power! of! candidate! gene! studies! (relative! to!
linkage! analyses)! for! complex! disease!mapping,! the! technique! has! been! criticised! on! two!
main!grounds.!First,!many!tentatively!significant!candidate!genes!have!not!been!replicated!in!
followKup! analyses! (due,! in! part,! to! a! failure! to! adequately! correct! for! multiple! testing).!
Second,!the!hypothesisKdriven!approach!adopted!by!the!candidate!gene!model!often!relies!
on!an!insufficient!body!of!knowledge;!epilepsy,!for!example,!likely!involves!thousands!of!asK
ofKyet! unidentified! risk! genes! that! will! continue! to! go! undetected! unless! we! probe! the!
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genome!in!an!unbiased,!hypothesisKfree!or!‘anonymous’!manner64.!In!an!attempt!to!address!
these! issues,! a! prominent! contemporary! mapping! technique! known! as! genomeRwide"
association!aims!to!genotype!a!large!group!of!preKselected,!common!genetic!variants!across!
the! genome! and! quantify! the! frequency! of! specific!mutations,! known! as! single! nucleotide!
polymorphisms,!en"masse!in!populations!of!affected!patients!and!healthy!controls.!!!
"
1.3.3."GenomeRwide"association"studies"(GWAS)"
Single! nucleotide! polymorphisms! (SNPs)! are! DNA! sequence! variations! involving! a! single!
change!in!a!nucleotide!–!either!A,!T,!C!or!G!–!between!paired!chromosomes.!The!two!DNA!
fragments! illustrated! in! figure! 4! contain! a! difference! in! only! one! nucleotide;! fragment! 1!
contains!an!adenine!(‘A’)!nucleotide,!while!fragment!2!contains!a! ‘thymine!(‘T’)!nucleotide.!!
This!variation!is!what!we!refer!to!as!a!SNP.!!
!
!
č!
"
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Figure(4:(Single(nucleotide(polymorphism((SNP)(in(a(small(segment(of(DNA.(
A!SNP!is!a!single!change!in!a!DNA!sequence;!for!example,!an!‘A’!may!change!to!a!‘T’.!!
!
There! are! an! estimated! 10!million! common! SNPs! in! the! human! genome! (amongst! many,!
many! more! rare! SNPs)67.! Researchers! can! study! these! SNPs! using! a! variety! of! statistical!
techniques.!One!of!the!most!widely!implemented!techniques!to!study!these!SNPs!en"masse!
is!known!as!genomeKwide!association!(GWA).!!
!
GenomeKwide! association! studies! (GWAS)! most! commonly! adopt! a! caseKcontrol! design,!
whereby! hundreds! of! thousands! of! common! SNPs! are! genotyped! in! a! large! number! of!
diseaseKaffected!and!diseaseKfree!participants!with!the!ultimate!goal!of!elucidating!SNPs!that!
SNP:"A"single"change"
in"a"DNA"sequence.""
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appear! more! frequently! in,! and! as! a! result! show! greater! association! with,! the! diseaseK
affected! group63.! This! GWAS! paradigm! relies! on! a! fundamental! rationale,! known! as! the!
‘common! disease,! common! variant’! (CDCV)! hypothesis.! CDCV! postulates! that! common!
diseases!must!be!attributable,!in!part,!to!variants!that!are!present!in!more!than!1K5%!of!the!
population68.!Each!of! these!relatively!common!variants!confers!only!a!weak!or!modest! risk!
individually,! but! because! of! their! smaller! effect,! they! are! less! susceptible! to! negative!
selection!and,!as!such,!occasionally!recombine!in!sporadic,!highKrisk!cases69.!
!
The! first!phase!of!a!genomeKwide!association! study!utilises!online! repositories!of! common!
variation! such! as! 1,000! Genomes! (1000G)! or! HapMap.! Both! of! these! libraries! provide! a!
catalogue!of!common!human!genetic!variation!in!populations!of!various!descents.!Launched!
in! 2002,!HapMap!was! the! first!major! effort! to! catalogue! common!genetic! variation! across!
the! genome,! collecting! (as! of! 2008)! 3.5! million! commonly! occurring! variants! from!
populations!of!African,!Asian!and!European!ancestry.! In!contrast,!1000G!has!collected!both!
common!and!rare!variants!for!1185!individuals!across!15!different!populations,!since!August!
of!2011.!The!researcher!can!survey!1000G!or!HapMap!in!order!to!identify!a!set!of!SNPs!(tag"
SNPs)! that! can! sufficiently! differentiate! common! combinations! of! DNA! sequences!
(haplotypes)!at!all! loci! in! the!genome.!Second,! these! tag!SNPs!are!genotyped! in!cohorts!of!
affected! patients! and! healthy! controls! using! commercial! DNA!microarrays,! known! as! ‘SNP!
chips’! The! two! principal! suppliers! of! DNA! microarrays! are! Illumnia! in! San! Diego,! CA! and!
Affymetrix! at! Santa! Clara,! CA.! Depending! on! the!GWAS! platform! the! researcher! uses,! the!
coverage! of! their! study! can! range! from! 600,000! to! 1,000,000! SNPs! (representing! an!
approximate!0.03%!of!the!whole!genome).!This!coverage!can!be!‘enhanced’!by!estimating,!or!
imputing,!millions!of!additional,!unKgenotyped!SNPs! from!catalogues! like!1000G.!Third,! the!
frequencies! of! SNPs! are! compared! in! one! group! versus! the! other.! Fourth,! results! are!
interpreted;!if!a!SNP’s!association!with!disease!passes!a!certain!statistical!threshold!(typically!
p<0.00000005,! or! p! <! 5x10K8,! in! order! to! correct! for! multiple! testing! across! hundreds! of!
thousands!of! genetic! variants),! it! is! thought! to! represent! the! true!number!of! independent!
tests,!or!common!variants,!across! the!human!genome.!Fifth,! this!SNP!(or!group!of!SNPs)! is!
genotyped!again! in!an! independent! cohort!of! cases!and!controls! in!order! to! crossKvalidate!
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results.!Failure!to!confirm!this!genotype!may!indicate!that!the!finding!was!a!falseKpositive!or!
that!the!replication!study!lacked!sufficient!statistical!power70.!
!
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Figure(5:(Overview(of(a(genome0wide(association(study((GWAS).((
Step" 1:" HapMap" is" utilised" in" order" to" select" ‘tag’" SNPs" from" common" haplotypes" at" all" genomic" loci." Here," there" are" three"
haplotypes"on" locus"1" (4"SNPs"each)"and" two"at" locus"2" (3"SNPs"each)."The"presence"or"absence"of"a"SNP" is"designated"by" its"
colour"(white"if"missing,"red/yellow/green/blue"purple"if"present)."Step"2:"Tag"SNPs"are"utilised"in"patients"and"controls"using"an"
Illumina"or"Affymetrix"microarray."Step"3:"Researcher"uses"a"statistical"analysis"package"(SNPTEST,"PLINK,"FastLMM)"to"conduct"
caseGcontrol"association."Step"4:"Results"are" interpreted;"those"with"p"values"<5x10G8"are"considered"‘genomeGwide’"significant."
Step"5:"Replication"test"and/or"confirmatory"genotyping."Image"adapted"from"Mathew"et"al.,"200870."
!
GWAS! often! requires! very! large! sample! sizes! to! detect! very! small! effects,! due! to! its!
significant! multiple! testing! burden.! This! has! encouraged! the! establishment! of! largeKscale,!
multiKsite! collaborations! such!as! those!by! the!Psychiatric!Genetics!Consortium71.!However,!
rather! than! identifying! isolated,! common! variants! of! large! effect,! the! majority! of! these!
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collaborations!have!either!isolated!multiple!significant!variants!of!smaller!effect!across!distal!
foci!(in!the!case!of!bipolar!disorder!and!schizophrenia71)!or!very!few!common!variants!at!all!
(as!was!the!case!with!epilepsy,!up!until!the!latter!parts!of!this!thesis).!Throughout!chapter!2,!
I!will!attempt!to!identify!common!epilepsy!risk!variants!by!contributing!towards!the!largest!
collaborative!epilepsy!GWAS!investigation!to!date.!Chapters!3!and!4!will!follow!on!from!this!
analysis!by!investigating!potential!statistical!overlap!between!common!epilepsy!risk!variants!
and!common!variants!predisposing!to!subcortical!volumes.!!
!
1.3.4."NextRgeneration"sequencing"
GWAS! remains! one! of! the! most! popular! genetic! mapping! tools! in! neurological! and!
psychiatric!diseases,!due!in!no!small!part!to!the!decreasing!cost!associated!with!genotyping!
common! variants! across! the! human! genome.! As! of! January! 2014,! highKthroughput!
sequencers!like!the!HiSeq!X!Ten!(Illumina,!CA)!can!sequence!a!human!genome!for!less!than!
$1,000! USD! –! a! mere! fraction! of! the! estimated! $3! billion! USD! cost! of! mapping! the! first!
human! genome! in! 2000.! However,! ‘nextKgeneration’! technologies! such! as! whole! exome!
sequencing! (WES)! are! beginning! to! offer! even! greater! benefits! than! their! predecessors.!
Unlike!GWAS,!which!only!captures!common!variation,!WES!provides!deeper!coverage!of!all!
coding! regions! (exons)! of! known! genes;! proving! coverage! of! ~95%! of! exons,! which!
themselves!account!for!85%!of!diseaseKcausing!Mendelian!mutations!and!a!large!number!of!
diseaseKrelated!SNPs!throughout!the!human!genome72.!Although!WES!will!not!be!employed!
as! part! of! this! thesis,! it! may! play! an! important! role! in! prospective! continuations! of! my!
presented!work.!!!
!
!
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1.4.!Epilepsy!as!a!symptomatic!disorder!"
1.4.1."Neuroanatomical"abnormalities"in"symptomatic"epilepsy"
While!idiopathic!generalised!epilepsies!account!for!the!vast!majority!of!genetic!syndromes44,!
localisationKrelated! forms! of! epilepsy! are! often! symptomatic! of! an! underlying!
neuroanatomical! abnormality.! Paediatric! studies! have! shown! that! between! 13K51%! of! all!
childhood! LREs! involve! some! type!of! brain! aberration,!whereas! the! rate!of! seizureKrelated!
abnormalities!is!similar!in!adult!populations!(13K55%)!and!even!higher!in!refractory!LREs!(82K
86%)73.! These! abnormalities! include,! but! are! not! limited! to,! (i)! sclerosis,! or! ‘scarring’! of!
various!brain!regions,!particularly!hippocampal!sclerosis!(HS),!(ii)!neuronal!loss,!or!‘lesions’!of!
other!brain!regions,!(iii)!dual!pathology!(HS!and!concomitant!lesions!in!other!brain!regions),!
(iv)! dysgeneses! of! the! cerebral! cortex,! also! known! as! malformations! of! cortical!
development74,! (v)! gliosis,! (vi)! neuronal! migration,! (vii)! lowKgrade! tumours,! (viii)!
porencephalic! ! cysts! and! (ix)! vascular! malformations75.! As! discussed! in! section! 1.1.3,!
approximately! 20K40%! of! all! epilepsy! patients! are! refractory! to! AEDs18.! Localisation! and!
subsequent! surgical! treatment!of!one! (or!multiple! instances)!of! the!above!abnormalities! is!
typically!pursued!for!these!refractory!cases.!However,!not!all!patients!are!eligible!for!surgery,!
and!of!those!who!are,!surgical!interventions!only!yield!an!approximate!~70%!success!rate76.!
This!highlights!the!urgent!necessity!of!improved!strategies!for!the!detection!and!subsequent!
treatment!of!brain!injuries!in!epilepsy.!!
!
1.4.2."Strategies"for"the"detection"of"neuroanatomical"abnormalities"in"epilepsy"
Before! the!advent!of!modern!neuroimaging,! clinicians!and!epileptologists! relied!on!skull! xK
rays! to! diagnose! fractures! related! to! brain! contusions! and! epileptic! seizures.! These! xKrays!
were! typically! applied! to! detect! calcified! brain! tumours! related! to! oligodendrogliosis! or!
tuberous! sclerosis77.! The! development! and! subsequently! widespread! availability! of!
computerised! tomography! (CT! –! a! combined! series! of! XKrays)! instigated! the! first!
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standardised! application! of! cerebral! imaging! in! epileptology.! CT! scans! were! principally!
applied! in! intractable,! partial! forms! of! epilepsy,! revealing! that! approximately! 50%! of! this!
population! had! some! form!of! brain! abnormality,! from!nonspecific! atrophies! (figure! 6A)! to!
tumours! (figure!6B)!to!periventricular!calcifications! (figure!6C).!However,!CT!was! limited!to!
the!detection!of!gross!abnormalities!and!could!not!readily!detect!medial!temporal!sclerosis!
(MTS)!and!other!widely!implicated!features!of!common!epilepsies.!!
!
!
!
!
!
Figure(6:(CT(scans(of(children(with(seizures.(
Figure"illustrates:"(A)"a"large"ependymoma,"(B)"a"calcified"pineal"tumour"and"(C)"periventricular"calcifications."Adapted"from"
Chugani,"201177."
!
CT! scanning! is! still! applied! in! contemporary! settings,! but! it! is! mostly! confined! to! acute!
emergency! situations! involving!newKonset! epilepsies!with! gross! focal! abnormalities! and/or!
comorbid! neurological! illnesses77.! More! advanced! imaging! modalities,! including! singleK
photon! emission! computed! tomography! (SPECT),! positron! emission! tomography! (PET)! and!
magnetic! resonance! imaging! (MRI)! have! largely! replaced! CT! in! the! detailed! nonKinvasive!
evaluation!of!epilepsy.!Of!these!three!new!techniques,!MRI!is!the!neuroimaging!procedure!of!
choice!for!epileptologists,! largely!due!to!its!superior!contrast!resolution!(allowing!for!highly!
detailed!delineations!between!similar!soft!tissues!such!as!white!matter!and!grey!matter)!and!
its!ability!to!map!brain!regions!from!multiple!planes!(axial,!coronal,!sagittal)78.!We!will!now!
consider!the!multifaceted!aspects!of!this!prominent!neuroimaging!technique!–!from!its!basic!
physical!principles!to! its!numerous!clinical!and!experimental!applications,!placing!particular!
emphasis!on!how!structural!MRI!can!improve!our!understanding!of!epilepsy.!!
!
(A)! (B)! (C)!
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1.5.!Improving!our!understanding!of!epilepsy!through!
magnetic!resonance!imaging!(MRI)"
"
1.5.1."A"brief"introduction"to"MR"physics""
Magnetic! resonance! imaging! (MRI)! is! a! highly! sensitive,! nonKinvasive! technique! used! to!
quantify! the! number! of! particular! atoms! at! various! locations! in! the! body79.! While! the!
mathematical! and! biophysical! principles! of!MRI! are! comprehensively! described! elsewhere!
(see!Young,!198780!and!Bushong,!200381),! the! technique!can!be!concisely! summarised!as!a!
method!which!involves!the!manipulation!of!information!derived!after!hydrogen!atoms!in!the!
nervous! system! are! exposed! to! a! strong!magnetic! field.!Hydrogen! accounts! for! 80%!of! all!
atoms! in! the! human!body.! These! hydrogen! atoms! (protons)! adopt! random!orientations! in!
their!normal!state.!However,!we!can!use!MRI!equipment!to!apply!a! large!magnetic!field!to!
these! protons.! They! then! reKalign! either! parallel! or! antiKparallel! to! the! applied!magnetism!
(B0).!!
!
!
!
!
!
!
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Figure(7:!Alignment(of(protons(in(the(human(body.!
The"majority"of"atoms"in"the"human"body"are"hydrogen"atoms."In"our"body"tissue’s"normal"state,"hydrogen"atoms"
adopt"random"orientations"(A)."However,"after"a"large"magnetic"field"is"applied"(B),"our"body’s"protons"either"align"
parallel"or"antiGparallel"to"the"direction"of"the"magnetic"field,"which"is"mathematically"represented"by"the"symbol"
‘B0’.""
!
!
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Like! all! spinning! bodies,! protons! gyrate! along! an! axis! so! as! to! trace! out! a! cone! –! a!
phenomenon! known! as!precession.! After! a! large!magnetic! field! (B0)! is! applied,! our! body’s!
protons! precess! in! both! ‘low! energy’! (parallel)! and! ‘high! energy’! (antiKparallel)! states.!
However,!the!overall!net!magnetisation!(M)!of!protons!adopts!a!lowKenergy!state!and!aligns!
parallel!to!the!applied!magnetic!field:!!
!
!
!
!
!
!
!
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Figure(8:!Precession(of(protons(after(application(of(B0.!
Left: " After" the" application" of" Bo," the"majority" of" protons" precess" in" a" ‘lowGenergy’" state."Middle: " LowGenergy"
protons"(aligned"with"Bo)"cancel"out"highGenergy"protons"(aligned"in"the"opposite"direction"of"Bo)."Right: "Because"
protons" aligning" parallel" to" Bo" cancel" out" protons" aligning" antiGparallel," the" overall" " ‘net’" magnetisation" (M)"
precesses"in"a"lowGenergy,"parallel"state."Image"created"by"Christopher"Whelan.""
!
The!introduction!of!a!second!form!of!energy!–!known!as!a!radiofrequency"pulse!(B1)!K!shifts!
M!from!a!lowKenergy!to!a!highKenergy!state,!whereby!it!precesses!perpendicular!to!B0:!
!
!
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Figure(9:!Precession!of!protons!after!application!of!B1.!Image!created!by!Christopher!Whelan.!!
We" can" change" net"magnetisation" by" introducing" a" radiofrequency" pulse" (B1)." " This" shifts" protons" from" a" lowG
energy"to"a"highGenergy"state;"realigning"them"from"rotation"around"the"z"plane"to"rotation"around"the"y"plane.""
"
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Protons! precessing! perpendicular! to! B0! will! slowly! lose! energy! and! return! to! the! zKaxis,!
parallel!to!B0,!emitting!electromagnetic!radiation!in!the!process.!The!time!taken!to!return!to!
this! plane! is! referred! to! as! ‘T1’.! The! entire! phenomenon! is! known! as! T1" relaxation.!
Sophisticated! computer! software! can! detect! energy! emitted! during! T1! relaxation! and!
discriminate! between! different! parts! of! the! body! based! on! their! varying! densities! and!
distinct!T1!relaxation!times.!
!
!
!
!
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Figure(10:!Precession!of!protons!after!energy!loss.!!
Protons" rotate" around" the" y" plane" after" the" application" of" B1" (left)." However," they" will" slowly" lose"
energy"(middle)"and"return"to"rotation"in"the"z"plane"(right),"releasing"energy"in"the"process."The"time"
taken"to"return"to"the"z"plane"is"denoted"as"‘T1’."The"entire"process"is"known"as"“T1"relaxation”.""
"
1.5.2"Quantitative"MRI"
Clinical! and!experimental!analysis!of!highKresolution,!T1Kderived!brain! images! is! commonly!
referred!to!as!quantitative"MRI! (qMRI).!The!technique! is!broadly!dichotomised!between!(i)!
manual!qMRI!and!(ii)!automated!qMRI.!A!trained!neuroanatomist!typically!conducts!manual!
qMRI! analysis.! First,! he! or! she! uses! a! computer! software! package! to! specify! a! region! of!
interest!(ROI)!on!an!MR!brain!image.!This!ROI!is!then!manually!traced!across!successive!slices!
of!the!brain.!The!neuroanatomist!can!subsequently!quantify!the!volume!of!their!structure!of!
interest! by! counting! the! number! of! ‘voxels’! (threeKdimensional! pixels)! it! contains! and!
multiplying! by! the! volume! that! is! typically! associated! with! this! voxel.! This! technique! is!
considered!highly!robust,!but!its!required!expertise!in!human!neuroanatomy!has!accelerated!
improvements! of! alternative,! automated!methods,!which! can! now! arguably! compete!with!
manual!delineations82.!
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!
Automated!qMRI!is!a!less!labourKintensive!method!of!surveying!structural!images.!One!of!the!
most!popular!automated!techniques! is!voxel!based!morphometric,!known!more!commonly!
as! ‘VBM’83.! VBM! algorithmically! aligns! structural! images! into! an! average! template! brain,!
wherein! it! compares! the! local! concentration! of! (GM)! on! a! voxelKbyKvoxel! basis!with! other!
spatially! normalised! brain! images.! VBM! has! been! applied,! with! variable! successes,! in! the!
detection!of!cortical!dysplasias!and!reduced!hippocampal!GM!volumes!in!epilepsy!patients78.!
However,! the! technique! has! been! criticised! for! its! biases! towards! highlyKlocalised! group!
differences!which!overlook!differences!that!may!be!subtle!and!more!spatially!complex84.!!
!
FreeSurfer! (FS;! http://surfer.nmr.mgh.harvard.edu)! is! considered! a! more! sensitive!
alternative! to! VBM,! particularly! for! the! preK! and! postKsurgical! assessment! of! hippocampal!
volumes!in!epilepsy!patients85,86.!FS!employs!a!computer!algorithm!that!automatically!assigns!
one!of!37!neuroanatomical!labels!to!each!voxel,!allowing!for!clear!delineation!of!cortical!and!
subcortical!brain!regions87.!The!program!utilises!the!curvature!and!convexity!of!gyri!and!sulci!
to!register!participants’!brains!to!a!common!space,!resulting!in!more!accurate!alignment!of!
cortical!regions!compared!to!methods!like!VBM,!which!bases!its!subject!registrations!solely!
on!voxel! intensity!values88.!Unlike!VBM,!FS!can!analyse!both!cortical! thickness!and! volume!
because! it!separates!each!of! its!ROIs! into!thickness!and!surface!area!components,!allowing!
for! more! delicate! detection! of! group! differences! (Mueller! et! al.,! 2009).! Previous!
experimental! applications! of! FS! have! revealed! (i)! widespread! neocortical! thinning! of! the!
temporal!lobes!in!TLE89,!(ii)!increased!GM!volume!in!orbitofrontal!and!mesial!frontal!regions!
in! JME90,! (iii)! reduced! surface! area! of! the! insular! cortex,! inferior! temporal! gyrus! and!
precuneus! in! JME91! and! (iv)! suggestive! cerebral! white! matter! deficits! common! to! TLE!
patients!and!their!unaffected!siblings92.!
!
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1.5.3"Diffusion"tensor"imaging"
Diffusion! tensor! imaging! (DTI)! is! a! widelyKemployed! MRI! technique! that! measures! the!
relative! diffusivity! of! water! molecules! in! order! to! quantify! and/or! visualise! macroscopic!
axonal!organisation! in!organs!and! tissues!of! the!nervous!system93,94.!DTI!extrapolates!a!3D!
diffusion!model!(tensor)!and!its!associated!set!of!scalars!(eigenvalues)!by!assessing!isotropic!
and!anisotropic!water!diffusion.!When!the!constant!(Brownian)!motion!of!the!brain’s!water!
molecules!is!unconstrained,!it!diffuses!equally!and!randomly!in!all!directions;!this!is!referred!
to! as! isotropic! diffusion.! Isotropy!most! commonly! takes! place! in! fluidKfilled! cavities! of! the!
brain95! (figure! 11A).! Contrastingly,! in! healthy,! complex! white! matter! (WM)! tracts! of! the!
brain,!water!motion!is!restricted!along!the!direction!of!axons!(figure!10B).!This! is!known!as!
anisotropic!diffusion.!!
!
(
Figure(11:(Isotropy(and(anisotropy(in(the(human(brain.(
A:"Isotropic"diffusion"in"a"large"fluidGfilled"cavity."B:"Anisotropic"diffusion"in"a"healthy"bundle"of"WM"tracts."In"the"
latter" example," diffusion" is" larger" in" one" direction" (yGaxis)" than" the" other" (xGaxis)." In" the" case" of" the" former,"
diffusion"is"similar"in"all"directions."Adapted"from"Rosenbloom,"200395."
!
During!the!acquisition!of!diffusion!tensor!images,!the!brain!is!scanned!in!at!least!six!diffusion"
encoding" gradient" directions" at! a! time! in! order! to! mathematically! extract! sufficient!
information!about!water!diffusion94.!After!data!has!been!collected,!brain!scans!are!divided!
into! volume!elements! (voxels),! from!which! a! symmetrical! 3x3! positive!matrix,! known! as! a!
tensor,! can! be! formulated.! Known! more! specifically! as! D,! this! tensor! represents! the!
dependence! of! diffusivity! on! the! applied! diffusion! encoding! gradient! direction.! D# is!
(A)( (B)(
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mathematically! represented! as! an! ellipsoid;! the! principle! axes! of! which! are! given! by! its!
eigenvectors!(∊1,!∊2,!∊3),!each!representing!the!directions!of!diffusion.!In!turn,!the!respective!
length!of!each!eigenvector!signifies!the!eigenvalue!(ʎ1,!ʎ2,!ʎ3)!–!a!rotationally!invariant!scalar!
parameter! measuring! the! magnitude! of! diffusion! along! each! eigenvector.! The! largest!
eigenvalue!(ʎ1)!corresponds!to!the!principal!eigenvector!(∊1).!
!
!
!
!
(
Figure(12:(D(–(the(diffusion(tensor(–(and(its(associated(eigenvariates.(
ʎ1,!ʎ2,!ʎ3!are!the!first,!second!and!third!eigenvalues,!which!represent!the!magnitude!of!diffusion. 
!
The!specific!direction!indicated!by!each!eigenvector!is!colour!coded:!leftKtoKright!is!depicted!
in! red,! anteriorKtoKposterior! is! illustrated! in! green,! and! superiorKtoKinferior! is! indicated! in!
blue!(figure!13).!
!
!
!
(
(
(
Figure(13:(Colour0coding(indicated(by(each(eigenvector.(
Red!=!leftKtoKright,!green!=!anteriorKtoKposterior,!blue!=!superiorKtoKinferior. 
!
Various! scalars! can! be! extracted! from! these! tensor! eigenvalues! in! order! to! characterise!
diffusion.! The! most! commonly! derived! scalar! –" fractional" anisotropy! (FA)! –! is! a! value!
between!zero!and!one!quantifying!the!degree!of!anisotropic!water!diffusion.!A!value!of!zero!
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suggests!that!diffusion!is!isotropic!(typically!representing!random!Brownian!motion!within!a!
large!cavity),!whereas!a!value!of!one!indicates!anisotropic!diffusion!(likely!along!the!axons!of!
ordered,!healthy!WM!tracts).!FA!is!often!considered!a!direct! index!of!overall!WM!integrity,!
although!this!simplistic!interpretation!has!been!met!with!criticism96.!Indeed,!FA!is!associated!
with!many! factors,! including!axonal!density,!axonal! count,!degree!of!myelination!and! fibre!
organisation97,!so!it!is!more!acceptably!interpreted!as!a!‘summary!measure’!representing!the!
overall!degree!of!WM!microstructural!organisation.!!!
!
Mean"diffusivity!(MD)!–!a!second!commonly!derived!diffusion!scalar!K!represents!the!average!
of!the!three!eigenvalues!(ʎ1,!ʎ2,!ʎ3).!Although!MD!is!thought!to!be!less!sensitive!than!FA,!the!
two! measures! are! often! ‘oppositely’! correlated;! as! one! increases,! the! other! tends! to!
decrease97.!Higher!MD!values!are!typically! indicative!of!reduced!axonal!membrane!density,!
oedema!and/or!necrosis98.!Radial"diffusivity! (RD,!also!known!as!perpendicular!or!transverse!
diffusivity)! is! the!mean!of!the!two!minor!eigenvectors!(ʎ2,!ʎ3).!RD! is!sensitive!to!changes! in!
the! axonal! membrane’s! restriction! of! diffusion! and,! as! such,! higher! RD! values! may! be!
indicative! of! disrupted! axonal! myelination99.! Finally,! axial" diffusivity! (AD! K! also! known! as!
parallel!or!longitudinal!diffusivity)!represents!diffusion!along!the!major!eigenvector!(ʎ1)!and!
is!considered!the!most!sensitive!index!of!axonal!injury!and/or!axonal!packing100.!
!
Diffusion! MRI! has! profoundly! enhanced! the! study! of! epileptic! circuitry.! For! example,!
increased! MD! related! to! vasogenic! oedema! has! been! identified! as! an! important!
characteristic!of!the!immediate!(ictal)!phase!of!an!epileptic!seizure101.!PostKictal!increases!in!
MD! have! been! associated! with! irreversible! seizureKinduced! tissue! damage102.! InterKictal!
(inactive)! phases! are! characterised! by! decreased! FA! along! the! epileptogenic! circuitry,!
although! MD! abnormalities! are! inconsistent! (sometimes! increased,! sometimes! decreased!
and! sometimes! normal)103.! Tract! reconstruction! techniques! allowing! for! the! isolation! of!
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individual!WM!fibres!have!guided!clinicians’!decisions!on!the!extent!and!depth!of!temporal!
lobe! resection! in! TLE104.! DTI! fibre! tracking! has! implicated! the! uncinate! fasciculus! (a!
component!of! the! limbic! system)! as! a! crucial! facilitator!of! epileptogenic! propagation! from!
the!temporal!to!the!frontal!lobes!in!TLE105K107.!!
!
Despite! these! continual! innovations! in! diagnostic! and! therapeutic! neuroimaging!
technologies,! epilepsy! still! remains! extremely! difficult! to! treat.! The! precise! resistance!
mechanisms!underlying!20K40%!of!refractory!epilepsy!cases18!and!a!further!30%!of!surgeryK
resistant!cases76!remain!poorly!understood.!This!aetiological!ambiguity!is!particularly!evident!
in!TLE,!whereby!a! sizeable!minority!of!patients!present! seizures!without!a! clear!genetic!or!
symptomatic!origin!(TLE!without!mesial!temporal!sclerosis,!also!known!as!nonRlesional"TLE).!
Therefore,! the! present! thesis! will! employ! an! extensive! investigation! of! diffusionKbased!
macroscopic!connectivity! in! lesional!and!nonKlesional!TLE!patients! (chapter!5)!and!possible!
familial!coKsegregation!of!WM!impairments!in!nonKlesional!TLE!patients!and!their!unaffected!
siblings!(chapter!6)!in!an!attempt!to!clarify!some!of!these!phenotypic!(and!interKphenotypic)!
uncertainties.!!
1.6.!Thesis!aims!"
In!order!to!accelerate!the!development!of!new!strategies!for!treating!epilepsy,!it!is!necessary!
to! elucidate! the! underlying! genetic! and! neurobiological! factors! contributing! to! the!
development! and! progression! of! the! disorder.! This! thesis! will! investigate! both! the!
neuroanatomical! and! genetic! basis! of! epilepsy! from! two! disparate! yet! complimentary!
perspectives:!statistical!genetics!and!neuroimaging.!Genetics,!the!former!perspective,!offers!
a! window! into! the! biology! of! the! illness.! By! characterising! the! genetic! factors! underlying!
epilepsy,! one! can! illuminate! novel! biological! pathways! associated! with! it.! Conversely,!
neuroimaging,! the! latter! perspective,! allows!us! to! examine! the!phenotypic! endKresult! of! a!
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patient’s! genotype! and! –! in! some! instances! –! the! ‘intermediate’! phenotype! along! the!
pathway!between!their!genotype!and!distal!disease!state.!!
!
The!precise!application!of!these!genetic!and!neuroimaging!techniques!will!be!guided!by!the!
following!aims!and!hypotheses:!
!
Aim( 1:! Despite! progresses! in! the! fields! of! psychiatry108,! autoKimmune! disease109,! cancer110!
and! diabetes111,! the! ‘common! disease,! common! variant’! hypothesis! has! yet! to! be!
comprehensively!tested!in!epilepsy.! In!chapter!2,! I!will!employ!GWAS!analyses!on!common!
forms!of!epilepsy!(LREs!such!as!TLE!and!FLE,!IGEs!such!as!JME!and!absence)!and!contribute!
their! summary! statistics! towards! an! international,! ILAEKled!GWAS# meta:analysis! with! the!
aim!of!clarifying!whether!common!variants!truly!predispose!to!common!forms!of!epilepsy.!
• Hypothesis:!Common"genetic"variants"predispose"towards"common"epilepsies.!!
!
Aim(2:(Neuronal!atrophy!within!many!subcortical!structures,!particularly!the!hippocampus,!is!
implicated! in! localisationKrelated! forms! of! epilepsy112.! Throughout! chapter! 3,! I! aim! to!
investigate!potential!statistical!overlap!between!the!results!of!our!ILAE!GWAS!meta!analysis!
(from! chapter! 2)! and! an! independent! investigation! of! genetic! variants! predisposing! to!
subcortical!volumes!(ENIGMA113)!in!order!to!identify!a!possible!genetic!link!between!reduced!
subcortical!volumes!and!risk!of!epilepsy.!!
• Hypothesis:"Common"genetic"variants"associated"with"changes"in"subcortical"volume"
(including" volumes"of" the"hippocampus," amygdala," thalamus," accumbens," caudate,"
pallidum"and"putamen)"are"also"correlated"with"epilepsy"risk."!
!
Aim( 3:( Following! on! from! chapter! 3,! it! is! possible! that! common! variants! predisposing!
towards!subcortical!volumes!exert!a!collective,!polygenic!effect!on!epilepsy!risk.!In!chapter!4,!
we! aim! to! investigate! this! polygenic! effect! by! summarising! hippocampal! variants! into!
collections!of!nominally!associated!‘risk’!SNPs!and!relating!these!variants!to!disease!state!in!
cohorts!of!epilepsy!patients!and!healthy!controls.!!!
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• Hypothesis:" Common" genetic" variants" predisposing" towards" hippocampal" volume"
exert"a"polygenic"effect"on"epilepsy"predisposition."!
!
Aim( 4:( Before! we! can! pursue! more! detailed! genetic! mapping! investigations! of! specific!
epilepsy!subtypes,!it!is!crucial!that!we!clarify!some!outstanding!phenotypic!ambiguities!in!the!
disorder.! One! of! the! most! prominent! of! these! uncertainties! is! the! dichotomy! between!
lesional!and!nonKlesional!TLE.!Chapter!5!aims!to!employ!diffusionKbased!connectivity!analysis!
in!order!to!identify!possible!neuroanatomical!differences!between!lesional!TLE!patients,!nonK
lesional!TLE!patients!and!neurologically!healthy!controls.!!!
• Hypothesis:" Lesional" and" nonRlesional" TLE" patients" have" distinct" structural"
connectivity"profiles"when"compared"with"neurologically"healthy"controls.""!
!
Aim( 5:( Finally,! chapter! 5! will! attempt! to! bridge! the! link! between! epilepsy! as! a! genetic!
disorder!and!epilepsy!as!a!symptomatic!disorder.!I!will!employ!diffusion!tensor!tractography!
techniques! in! order! to! assess! whether! nonKlesional! TLE! patients! and! their! firstKdegree!
relatives! share! neurodevelopment! genes! responsible! for! the! structure! of! WM! tracts!
previously! implicated! in! epilepsy! and/or! genes! responsible! for! the! expression! of! epilepsy!
itself.!!
• Hypothesis:" NonRlesional" TLE" patients" and" their" unaffected" siblings" will" both" show"
significantly" disrupted" diffusion" profiles" along" previously" implicated" epilepsy" tracts"
compared"to"neurologically"healthy"controls."!
!
By! successfully! improving! our! understanding! of! the! genotypic! (chapters! 2,! 3! and! 4),!
phenotypic! (chapter! 5)! and! ‘inter’! phenotypic! (chapter! 6)! characteristics! of! epilepsy,! this!
thesis! seeks! to! improve! the! framework! for! genetic! mapping! in! epilepsy,! and! in! doing! so,!
could!make!several!positive!contributions!to!future!diagnostic!and!therapeutic!interventions!
for!the!disorder.!
!(
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2.1!Introduction"
The! genetic! architecture! of! sporadic,! common! epilepsies! (where! family! history! suggests! a!
complex! inheritance! pattern)! remains! poorly! characterised.! Some! studies! have! identified!
rare,! genetic! risk! factors! such! as! copy! number! variations! (CNVs)! that! may! predispose!
towards! focal114,115! and! idiopathic! generalised! subtypes115.! However,! the! contribution! of!
common!genetic!variation!to!common!forms!of!epilepsy!is!still!largely!unknown116,117,!at!least!
partly!due!to!the!relatively!small!sample!sizes!studied!in!most!genetic!association!studies!in!
epilepsy! to! date.! Although! the! development! of! GWAS! has! increased! the! scope! of! genetic!
mapping! efforts! in! epilepsy,! the! application!of! this! study!design! to! appropriately! powered!
cohorts!is!critical!to!the!successful!identification!of!true!risk!variants.!!
!
Several! international,! multiKsite! collaborative! efforts! have! accordingly! been! established! in!
order! to! augment! the! statistical! power! of! GWAS.! For! example,! the! Epilepsy! Genetics!
Consortium!(EPIGEN)!was!established!in!2004,!conglomerating!four!major!epilepsy!research!
centres! from! Dublin,! Ireland! (Royal! College! of! Surgeon! in! Ireland),! Brussels,! Belgium!
(Université!Libre!de!Bruxelles),!London,!UK!(University!College!London)!and!North!Carolina,!
USA! (Duke!University).!EPIGEN’s! first!major!genomeKwide! investigation!on!3,445!Caucasian!
European!LRE!patients!and!6,935!Caucasian!European!controls!failed!to!identify!any!GWASK
significant,! common!susceptibility! variants!–! indicating! that! the!genetic!architecture!of! the!
LREs! is! highly! complex118.! Nonetheless,! several! suggestive! polymorphisms! were! identified!
that!may!warrant! further! investigation;! including! variants! in! close! proximity! to! SH3BGRL2"
and" ELOVL4"on! chromosome!6! (rs346291! and! rs9341799;!p<5! x! 10K7),! and! an! intronic! SNP!
within!the!ADCY9!gene!of!chromosome!16!(rs2601828;!p=1.21!x!10K6).!!
!
A!recent!ancillary!EPIGEN!GWAS!of!757!TLE!patients!with!hippocampal!sclerosis!with!febrile!
seizures!and!7,552!controls119!revealed!a!significant!association!at!2q24.3!within!an!intron!of!
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the!sodium!channel,!SCN1a"gene"(rs7587026;!p=3.36x10K9).!An!independent!investigation!of!
1,087!Han!Chinese!patients!with!confirmed!(or!suspected)!HS!and!3,444!ethnicallyKmatched!
controls!implicated!a!risk!allele!on!the!q32!arm!of!chromosome!1!near!the!CAMSAP1L1!gene!
(rs2292096;! p=1x10K8)120.! Both! results! suggest! that! common! genetic! variation!may! indeed!
contribute! towards! common,! localisationKrelated! forms! of! epilepsy,! although! larger!
replication! studies! of! increased! statistical! power! are! crucial! in! order! to! support! this!
assumption.!!!
!
The!centralKEuropean!EPICURE!consortium!has!also!presented!a!number!of!common!genetic!
risk! factors! for! idiopathic! generalised! epilepsies.! Their! GWAS,! incorporating! 3,020! IGE!
patients! and! 3,954! controls,! illustrated! two! genomeKwide! significant! signals! at! 2p16.1!
(rs13026414,! p=2.5! ×! 10−9)! and! 17q21.32! (rs72823592,! p=9.3! ×! 10−9),! in! addition! to! a!
suggestive! signal! near! the! SCN1A! gene43! (rs11890028,!p=4.0! ×! 10−6).! The! consortium! also!
reported! genomeKwide! signals! for! JME! at! 1q43!within!CHRM3! (rs12059546,! p=2x10K7)! and!
generalised!absence!epilepsy!at!the!q22.3!arm!of!chromosome!2!(rs10496964,!p=3.6!×!10−7).!!
!
Despite! their!promising!scientific! implications,!all!of! these!modestly!powered!GWA!studies!
still!failed!to!clearly!replicate!the!top!signals!reported!from!previous!analyses.!Collaborative!
consortium!efforts! like!EPIGEN!and!EPICURE!may! increase! the!overall! sample!sizes!of! their!
individual!genomeKwide!epilepsy!investigations!(EPIGEN!=!10,380!participants!and!EPICURE!=!
6,974! participants),! but! the! statistical! power! of! these! studies! still! pales! in! comparison! to!
larger! projects! like! those! of! the! Psychiatric! Genetics! Consortium! (PGC! =! over! 50,000!
independent!participants)71!and!limits!their!statistical!power!to!the!sole!detection!of!genetic!
associations!with!relatively!large!effects.!
In! light! of! these! statistical! limitations,! this! thesis’s! first! experimental! chapter! will!
conglomerate!data!previously!collected!by!five!international!epilepsy!GWAS!consortia!into!a!
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comprehensive,! largeKscale!meta!analysis.!More!specifically!–!our!research!group,!acting!as!
the!central!analysis!site!for!the!EPIGEN!consortium;!will!join!the!EPICURE,!Standard!and!New!
Antiepileptic!Drugs! (SANAD!–! an! amalgamation!of! the! Imperial! Liverpool!Melbourne! (ILM)!
collaboration! and! Finnish! GenEpa! collaboration),! Hong! Kong! and! Philadelphia! consortia! in!
forming! a! larger,! unified! epilepsy! genetics! research! consortium!under! the! guidance!of! the!
International! League!Against!Epilepsy! (ILAE).!The!metaKanalysis’s!principal!objective!will!be!
to! identify! common! risk! variants! for! epilepsy,! undetectable! through! smaller,! individual!
GWAS!studies.!Comparable!genomeKwide!meta!analyses!have!successfully!identified!multiple!
associated!loci!in!complex!diseases!such!as!schizophrenia!(see!Ripke!et!al.71),!bipolar!disorder!
(see!PGC!et!al.!121)!and!type!1!diabetes!(see!Bradfield!et!al.122),!but!this!will!be!the!first!largeK
scale!metaKanalysis!of!its!kind!for!epilepsy.!!
!
Large!GWASKbased!metaKanalyses! involving!multiple!sites! require!significant!manpower! for!
execution,! in!particular!if!there!are!restrictions!on!sharing!of!genotype!data.!As!such,!these!
efforts!are!the!result!of!significant!contributions!from!many!different!individuals.!The!current!
chapter! will! detail! my! responsibilities! as! the! main! EPIGEN! analyst;! namely,! to! collect!
phenotypes,! prepare! and! analyse! data,! deliver! association! results! and! confirm! hard!
genotypes! for!genomeKwide!SNPs! for! three!of! the! four!EPIGEN!cohorts! that!comprised!the!
ILAE! consortium! –! Dublin! (EPIGENKIRELAND),! London! (EPIGENKUK)! and! Duke! University,!
North!Carolina!(EPIGENKUS).!This!represents!the!largest!single!contribution!(managing!a!total!
of! 3,010! patients! and! 5,260! controls)! by! an! analyst! within! the! ILAE! consortium.
!!
2.2!Materials!and!methods"
"
2.2.1."Overall"study"design""
FixedKeffects!metaKanalysis!was!conducted!on!a!total!of!nine!caseKcontrol!groupings!(of!
which! I!contributed!three!–!see!table!4).!Analysis!at!each!site! (EPIGEN,!EPICURE,!Hong!
Kong,! Philadelphia! &! SANAD)! was! broken! into! three! explicit! stages.! First,! data! were!
imputed!to!the!1,000!Genomes!Phase!I! (interim)!June!2011!reference!dataset.!Second,!
caseKcontrol!association!analyses!were!conducted!using!a!linear!mixed!model!paradigm!
with! the! Fast! LMM! software! package.! Third,! summary! statistics! were! submitted! to! a!
central!metaKanalysis!site!at!Philadelphia,!where!fixed!effects!metaKanalysis!was!applied!
using! the! METAL! software! package.! Three! metaKanalyses! were! conducted:! the! first!
considered! all! epilepsy! phenotypes,! the! second! focused! on! IGE! only! and! the! third!
examined!LREs!only.!This!fixedKeffects!metaKanalysis!was!repeated!at!our!Dublin!site!for!
the!purposes!of!the!present!thesis.!!
(
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Figure(14:(ILAE(GWAS(study(design.(
(1)" Impute" at" local" site" (DUBLIN" –" analyst:" Christopher"Whelan)"!" (2)" Run" case/control" association" at" local" site!" (3)"
Submit"summary"statistics"to"metaGanalysis"sites"(Philadelphia,"Hong"Kong)"and"run"fixedGeffects"metaGanalysis."
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2.2.2."Participants"
Patients!with!a!confirmed!diagnosis!of!epilepsy!(two!or!more!unprovoked!seizures)!were!
included! in! the! present! study.! All! patients! were! classified! according! to! ILAE!
terminology24,39!by!a!specialised!epileptologist!at!each!source!centre.!IGE!patients!were!
included!if!they!manifested!tonicKclonic,!absence!or!myoclonic!seizures!on!EEG,!but!did!
not! show! evidence! of! an! acquired! cause! to! their! seizures.! IGE! subtypes! included!
childhood!absence!epilepsy,!JME,!IGE!with!tonicKclonic!seizures!alone!and!IGE!that!was!
not! otherwise! specified.! LRE! patients! of! cryptogenic,! idiopathic! and! symptomatic!
aetiologies! (including! cases! of! focal! structural! brain! injuries! such! as! MTS)! were! all!
included!as!part!of!the!study.!!LRE!subtypes!included!all!LREs,!lesional!LREs,!nonKlesional!
LREs! and! all! other! LREs.! Patients! with! ‘unclassified’! epilepsies! (whereby! an! explicit!
diagnosis!of!IGE!or!LRE!could!not!be!established)!were!also!included!in!the!study.!!!
!
The! EPIGEN! wing! of! this! GWAS! metaKanalysis! collected! genotype! data! from! epilepsy!
patients!and!healthy!controls!at!eight!different!sites!across!four!countries!(see!table!4).!I!
was! responsible! for! the! analysis! of! samples! from! Ireland,! the! United! States! and! the!
United!Kingdom,!while!EPIGEN!collaborator,!Costin!Leu,!processed!the!Belgian!samples.!
The! three! pairs! of! cases! and! controls! analysed! as! part! of! the! present! thesis! are!
highlighted!in!bold!with!an!asterix!(*):!!
!
Table(4:(All(cases(and(controls(included(as(part(of(ILAE(GWAS(meta0analysis((pre0quality0control)((
Consortium( Source( Ancestry( Cases( Controls( Platform(
EPIGEN*( Beaumont(Hospital,(Dublin( Irish( 650( ( Illumina(6100Quad(
EPIGEN*( Trinity(College,(Dublin( Irish( ( 2232( Illumina(1M(
EPIGEN*( Wellcome(Trust,(London( British( 1326( ( Illumina(6100Quad(
EPIGEN*( National(Blood(Service( British( ( 2501( Illumina(1.2M(
EPIGEN*( Duke(University,(NC( EA(&(AA*( 1034( ( Illumina(6100Quad(
EPIGEN*( Coriell(Institute,(NJ( EA( ( 527( ((
EPIGEN! Université!Libre!de!Bruxelles! Belgian! 564! ! Illumina!610KQuad!
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EPIGEN! Blood!donors!from!the!
Belgian!population!
Belgian! ! 1000! Illumina!300!V1!&!V2!
SANAD!
(ILM)!
Clinical!centres!at!
Melbourne!and!Liverpool!
EurKCauc! 1721!!! !!!!!!!!2699! Illumina!1.2M!+!
Illumina!660KQuad!
SANAD!
(GenEpa)!
Clinical!sites!in!Finland! EurKCauc! 422! 287! !
EPICURE! Concerted!effort!of!national!
(Italy)!and!international!
epilepsy!programs,!see!
epicureproject.eu!
EurKCauc! 1500! !!!!!!!!2500! Affymetrix!6.0!Chip!
Philadelphia! Seven!clinical!sites!across!
Philadelphia,!Ohio,!
Montreal!and!
Massachusetts!!
AA!&!EA! !1960! 13160! Illumina!!
Hong!Kong! Five!regional!hospitals!in!
Hong!Kong!
AsianKHan!! 504! !!!!!!3500! Illumina!!
Total(   9,681! 28,406!  
Table& legend:" AA" =" African" American," EA" =" European" American," AsianGHan" =" Asian" Han" Chinese," EurGCauc" =" European"
Caucasian."*AA"samples"were"not" included"as"part"of"my"analysis,"as"EPIGEN"did"not"have"an"ethnically"matched"control"
group."These"samples"were"passed"to"the"Philadelphia"analysis"site.""
!
Dublin:! The! Dublin! cohort! mainly! comprised! 532! localizationKrelated! patients,! with! a!
small!number!of! IGE!patients! (n=16)!and!childhood!cases! (n=11).!Cases!were!recruited!
through!the!clinic!of!Prof.!Norman!Delanty!at!Beaumont!Hospital,!Dublin!9.!Phenotypes!
including!syndromic!diagnosis!were!extracted!from!clinical!records.!All!patients!provided!
informed! consent! to! be! included! in! the! study.! Controls! were! recruited! from! the!
Biomedical!Sciences!Department!at!Trinity!College!Dublin!and!were!recruited!as!part!of!
a!number!of!previous!studies!conducted!by!Dr.!Anne!Molloy!and!colleagues!(e.g.!Carter,!
Molloy!et!al.,!2009123).!!
!
London:! The! London! cohort! comprised! 910! localizationKrelated! patients! with! a! larger!
number! of! IGE! patients! than! the! Dublin! sample! (n=109)! and! a! sizeable! number! of!
childhood! cases! (n=66).! Cases! were! recruited! through! the! clinic! of! Professor! Sanjay!
Sisodiya! at! the! National! Hospital! for! Neurology! and! Neurosurgery,! Queen’s! Square.!
Phenotypes! including! syndromic! diagnosis! were! extracted! from! clinical! records.! All!
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patients!provided!informed!consent!to!be!included!in!the!study.!Controls!were!recruited!
from!National!Blood!Service!(NBS)!database.!!
!
Duke(University:!The!Duke!cohort!consisted!of!874!localizationKrelated!patients!with!the!
largest!number!of!IGE!patients!of!our!three!cohorts!(n=101)!and!also!the!largest!sample!
of!childhood!epilepsies!(n=138).!Patients!were!recruited!through!the!clinic!of!Dr.!Rodney!
Radtke.!Phenotypes!including!syndromic!diagnosis!were!extracted!from!clinical!records.!
All!patients!provided!informed!consent!to!be!included!in!the!study.!233!of!these!patients!
were! of! African! American! ancestry.! As! EPIGEN! did! not! have! an! ethnically! matched!
control! cohort,! these! samples! were! removed! from! our! cohort! and! passed! on! to! the!
Philadelphia!analysis!site,!where!an!appropriate!African!American!control!cohort!could!
be!sourced.!European!(Caucasian)!American!controls!were!obtained!from!an!NIH!GWAS!
of!Amyotrophic!Lateral!Sclerosis!via!the!database!of!Genotypes!and!Phenotypes!(dbGaP)!
originally! conducted! at! the! Coriell! Institute,! New! Jersey! (dbGaP! study! accession! ID:!
phs000101.v4.p1).!!
(
Table(5:(Syndromic(subtypes(for(the(three(EPIGEN(cohorts(
Syndromic(subtype( Dublin( London( Duke(
IGE( 16! 109! 172!
LRE( 532! 910! 874!
LRE#without#MTS# 97! 413! 317!
LRE#with#MTS# 95! 141! 111!
LRE#(all#others)# 340! 356! 446!
JME( 11! 57! 77!
Absence( 1! 9! 61!
!
!
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2.2.3."Genotyping"and"quality"control"
DNA! was! extracted! from! participants’! blood! samples! using! standard! procedures.!
Patients!and!controls!were!genotyped!on!a!variety!of!platforms,!as!detailed! in!table!4.!
Quality!control!measures!were!implemented!using!the!PLINK!wholeKgenome!association!
analysis! toolset! in! the! following! order:! (i)! SNPs! violating! HardyKWeinberg! Equilibrium!
(HWE)!(P!value!<!10K6)!were!removed!(i)!SNPs!with!genotype!calling!rates!less!than!0.95!
were!removed!(iii)!SNPs!with!>5%!missing!data!were!removed!(iv)!SNPs!with!minor!allele!
frequency!(MAF)!less!than!0.01!were!removed†!and!(v)!samples!with!F!statistic!(a!PLINKK
calculated!measure!of!heterozygosity)!exceeding!4!standard!deviations! from!the!mean!
were!removed!in!order!to!control!for!sample!contamination.!Finally,!in!order!to!identify!
cases! in! which! samples! had! been! accidentally! genotyped! twice! or! samples! with! high!
relatedness! (for! example,! first! cousins)! we! estimated! pairwise! relatedness! between!
samples!in!all!eight!datasets!and!removed!one!of!any!pair!of!samples!whose!relatedness!
value!exceeded!0.25.!!
"
2.2.4."Genotype"imputation"
Because!this!metaKanalysis!aimed!to!combine!genomeKwide!data!attained!from!a!variety!
of!SNP!genotyping!platforms!(e.g.! Illumina!550k!versus!Affymetrix),! it!was!necessary!to!
substitute! or! ‘impute’! SNPs! that! were! assayed! in! one! cohort! (e.g.! Ireland)! but! not! in!
another! (e.g.!USA).! By! definition,! imputation! is! a! powerful!multipoint! process! used! to!
estimate! the! genotypic! state! of! variants! that! have! not! been! directly! genotyped! in! a!
dataset124.! The! method! compares! a! study’s! genotyped! SNPs! to! those! of! a! complete!
reference! catalogue! of! phased! genomic! variants! in! the! population,! employing!
population! genetics! models! in! order! to! simulate,! or! ‘impute’! genotypes! at! SNPs! that!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†!HardyKWeinberg!Equilibrium!(HWE)!refers!to!a!state!in!which!genotype!frequencies!and!ratios!remain!constant!from!one!generation!to!
the! next! and! in! which! these! frequencies! are! a! product! of! allele! frequencies.!Missingness! rate! (MR)! refers! to! the! number! of! ‘missing’!
genotypes!in!the!sample.!In!other!words,!it!is!a!measure!of!genotyping!failure!rate.!‘Missingness’!is!said!to!occur!when!the!genotype!failure!
rate!is!more!than!5K10%!across!samples.!Minor!allele!frequency!(MAF)!refers!to!the!frequency!of!a!SNP’s!less!frequent!allele!in!any!given!
population.!!
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were! not! assayed! in! the! study.! The! procedure! is! an! accurate,! costKefficient! way! to!
recover!missing!SNPs!which!facilitates!the!combination!of!data!across!multiple!sites124.!
!
We! used! the! 1000! Genomes! Phase! 1! catalog! (June! 2011! K! ftp://ftpK
trace.ncbi.nih.gov/1000genomes/ftp/phase1/)! as! a! reference! dataset! for! imputation.!
This!dataset!is!in!National!Centre!for!Biotechnology!Information!(NCBI)!genome!build!37!
(hg19)! format.!Accordingly,! it!was!necessary! to!update!our! genotypes! from! their! then!
current! build! (build! 36)! to! this! new! version! (build! 37).! Genotypes! for! all! six! datasets!
were! updated! to! hg19! SNP! coordinates! using! the! online! LiftOver! tool!!
(http://genome.ucsc.edu/cgiKbin/hgLiftOver).! Updated! genotypes! were! then! manually!
flipped! to! the! forward! strand! of! the! reference! genome! using! the! KKflip! command! in!
PLINK.!Genotype!files!were!subsequently!separated!on!a!chromosomeKbyKchromosome!
basis! and! converted! from! PLINK! binary! format! to! IMPUTEKcompatible! *.gen! and!
*.sample!formats.!!
!
Imputation!was!conducted!in!two!steps!using!the!15Knode!Lonsdale!cluster!of!the!Trinity!
College!High!Performance!Computing!supercomputer!(TCHPC!–!www.tchpc.tcd.ie).!Both!
steps! required! our! datasets! to! be! analysed! in! ‘chunks’! ! K! chromosomal! segments! of!
roughly! five! megabases! (MB)! each! in! length.! In! the! first! ‘preKphasing’! step,! we! used!
IMPUTE! version!2! (also! known!as! IMPUTE2)125! to! estimate!haplotypes! for! all! available!
samples!across!each!5MB!chunk.!This!process!took!approximately!5!hours!per!chunk!per!
1,000! individuals! –! overall! amounting! to! ~14K21! days! processing! time! per! dataset!
(approximately!550K600!chunks!per! cohort).! In! the! second! ‘imputation’! step,!we!again!
used! IMPUTE2125! to! impute!missing!alleles!directly!onto!these!phased!haplotypes.!This!
process!was!considerably! faster! than! the!phasing!step,! taking!approximately!7!days! to!
complete! per! phased! dataset.! IMPUTE2! exported! files! into! a! ‘CHIAMO’! format,! with!
each! row! referring! to! a! SNP! and! each! individual! corresponding! to! three! adjacent!
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columns! that! provided! three! consecutive! numbers! indicating! the! probabilities! of! each!
genotyping!state!K!AA,!AB!and!BB.!
!
2.2.5."PreRassociation"quality"control"
We!planned!to!conduct!association!using!the!FaST!LMM!software!package126.!FastLMM!
employs! a! linear! mixed! model! to! input! data.! ‘Mixed! model’! refers! to! the! statistical!
model’s! integration! of! both! fixed! effects! (i.e.! an! explicit! comparison! of! two! clearly!
dichotomized!‘patient’!and!‘control’!treatment!levels)!and!random!effects!(a!less!explicit!
examination!of!the!effects!of!a!participant’s!ancestry!or!cryptic!relatedness!to!all!other!
individuals! in!the!study).! ! ‘Linear’!refers!to!the!model’s!adoption!of!a! linear( regression!
approach,!whereby!the!relationship!between!the!dependent!variable!(i.e.!frequency!of!a!
SNP)! can! be!modelled! against! a! number! of! explanatory! variables! (i.e.! case! vs.! control!
status,!population!structure!and!cryptic!relatedness)126.!
!
FastLMM! requires! each! case/control! cohort! to! be! merged! together! into! one! unified!
dataset!before!performing!a!fixedKeffects!linear!regression.!Given!that!all!three!pairs!of!
cases! and! controls! were! imputed! independently! in! five! megabase! ‘chunks’,! it! was!
necessary!to!merge!our!patient!and!healthy!controls!in!a!‘chunk!by!chunk’!manner.!For!
example,! in! our! Irish! dataset,! we! had! approximately! 600! postKimputation! chunks! for!
cases!and!600!corresponding!chunks!for!controls.!These!files!were!merged!on!a!chunkK
byKchunk! basis,! with! chunk! 1! of! Irish! epilepsy! cases! (corresponding! to! the! first! five!
megabases!of!chromosome!1)!being!merged!with!chunk!1!of!Irish!controls.!An!identical!
procedure!was!followed!for!the!British!and!American!cohorts.!The!merging!process!was!
conducted!using!GTOOL!(www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html)!and!
took!approximately!1!hour!per!chunk.!
!
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Following! this! case/control!merging!procedure,! it!was!necessary! to! estimate! a! kinship!
matrix! (‘K’)! from!our! SNP!data! in! order! to! account! for! the! probability! that! individuals!
shared! SNPs! by! descent.! We! decided! to! calculate! relatedness! between! the! highestK
quality!SNPs!in!each!of!our!datasets.!In!order!to!obtain!the!highest!quality!SNPs!for!each!
cohort,!we! applied! a! strict! filtering! procedure!using! PLINK:! Irish,! British! and!American!
cases!and!controls!were!filtered!based!on!a!call!rate!threshold!of!99.5%,!a!HWE!pKvalue!
>0.01! and! MAF! >0.01.! We! then! obtained! a! pruned! subset! of! SNPs! by! implementing!
pairwise! relatedness! analysis,! leaving!us!with! approximate!60,000! remaining! SNPs!per!
cohort.! This! pruned! subset! of! SNPs,! referred! to! as! ‘K’,! was! included! in! our! linear!
regression!model!as!a!background!covariate.!!
!
We!also!performed!principal!component!analysis! (PCA)!on!our! full!dataset!using!GCTA!
(complextraitgenomics.com)! for! the! purposes! of! plotting! each! participant’s! ancestry.!
Obvious!ancestral!outliers!(for!example,!samples!that!did!not!cluster!together!with!the!
majority! of! other! samples;! or,! in! subtler! instances,! samples! whose! first! and! second!
principal!components!were!two!standard!deviations!greater!or!less!than!the!mean)!were!
removed!from!each!cohort!(EPIGENKIreland,!EPIGENKUK,!EPIGENKUS).!!
!
The! Irish! PCA! revealed! an! ethnically! homogenous! spread! of! cases! and! controls.! After!
setting!a!cutKoff!value!of!x=K0.005,!y=K0.005,!only!11!participants!from!our!2882!healthy!
controls!and!1!participant!from!our!650!epilepsy!patients!were!considered!outliers!and!
removed! from! the! final! FastLMM! analysis! (see! blue! and! red! points! highlighted! by! a!
green!dotted!circle!in!figure!15).!
!
!
!
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Figure(15:!PCA(plot(for(Irish(cases((in(blue)(and(controls((in(red).(
Most!cases!and!controls!are!overlapping,!with!only!a!very!small!minority!of!outlying!cases!(N=12,!see!dashed!green!circle).!These!outliers!
were!excluded!from!the!final!analysis.!!
!
The! UK! PCA! revealed! a!more! heterogeneous! spread! of! ancestry.! After! inspecting! the!
PCA!plot!(figure!15!above),!a!cutKoff!value!of!x=K0.005,!y=K0.005!was!set,!resulting!in!the!
removal!of!214!ancestrally!outlying!epilepsy!patients!from!further!analysis!(see!dashed!
circles!in!figure!16).!(
!
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Figure(16:!PCA(plot(for(UK(cases((in(blue)(and(controls((in(red).((
Most!cases!and!controls!are!overlap.!However,!a!minority!of!ancestral!outliers!clustered!towards!the!top!left!quadrant!(green!dotted!
circle)!and!the!bottom!centre!quadrant!(purple!dashed!circle)!of!the!PCA!plot.!It!is!possible!that!these!samples!are!of!Asian!(green!
circle)!and!African!(purple!circle)!ancestry,!respectively,!although!additional!PC!analysis!with!an!ethnically!matched!control!population!
is!required!for!confirmation.!Outliers!were!excluded!from!association.!
!
!
!
!
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!
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Finally,!the!EPIGENKUS!caseKcontrol!cohort!demonstrated!a!highly!heterogeneous!spread!
of! ancestry.! Some!participants! clustered! towards! the! top! left! quadrant! (green!dashed!
circle)!and!others!towards!the!bottom!left!(purple!dashed!circle).!After!setting!a!PCA!cutK
off!of!x=K0.06!and!y=K0.5,!a!total!of!181!ancestral!outliers!were!removed!from!the!final!
association!analysis.(
!
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Figure(17:!PCA(plot(for(US(controls((in(blue)(and(US(cases((in(red).((
The! majority! of! cases! and! controls! overlap.! However,! a! minority! of! ancestral! outliers! clustered! towards! the! top! left!
quadrant! (green! dashed! circle)! and! bottom! left! quadrant! (purple! dashed! circle).! Based! on! previous! PCAs! using! a!
worldwide! cohort127,! it! is! possible! that! these!outliers! represent!participants!of!Asian! (green! circle)! and!African! (purple!
circle)! ancestry,! respectively.! However,! an! additional! PCA! using! an! ethnically! matched! control! population! would! be!
required!in!order!to!confirm!these!speculations.!All!outliers!were!removed!from!the!final!association!analysis!in!FastLMM.!(
"
"
"
!
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2.2.6."Association"
Following!preKassociation!quality!control!and!PCA!pruning,!the!number!of!epilepsy!patients!and!
healthy!controls!included!in!our!final!FastLMM!analysis!was!as!follows:!
!
Table(6:(Post0QC(sample(sizes(for(epilepsy(cases((all,(IGE(and(LRE)(and(healthy(controls((EPIGEN(only)(
Cohort( Ireland( United(Kingdom( United(States(
All(epilepsy(cases(
IGE(patients(only(
LRE(patients(only(
638!
N/A!
520!
1,007!
93!
773!
760!
102!
551!
Healthy(controls( 2,232! 2,494! 504!
TOTAL((all(cases(+(controls)( 2870( 3501( 1264(
!
GWA!analysis!was! conducted!by!means!of! linear!mixed!model! analysis! using! the! FaST!
LMM!software!package!(http://mscompbio.codeplex.com/)126.!This!was!executed!in!two!
stages.!First,!we!calculated!a!SNP!kinship!matrix!(K)!and!transformed!(or!‘rotated’)!our!(i)!
phenotypes,!(ii)!SNPs!to!be!tested!and!(iii)!covariates!in!such!a!way!that!all!data!became!
unrelated! and! our! samples! became! independent.! Second,!we! performed! a! regression!
analysis!on!each!separate!chunk!(550K600!in!total)!for!each!cohort!(3!in!total:!Ireland,!UK!
and!USA).! Throughout! this! regression! analysis,! population! structure!was! fit! as! a! fixed!
effect,! whereas! K! was! adopted! as! the! varianceKcovariance! structure! of! the! random!
effects! for! each! individual128.! This! allowed! us! to! account! for! population! structure! and!
unequal! relatedness! among! individuals.! Upon! completion,! FaSTKLMM! outputted! text!
files!for!each!respective!chunk!containing!the!p!value,!standard!error,!SNP!weight!and!Q!
value!for!all!SNPs!tested!within!that!chunk.!Association!was!conducted!thrice;! the!first!
analysis! examined! all! epilepsy! patients! versus! healthy! controls;! the! second! analysis!
examined! only! generalized! epilepsy! patients! versus! healthy! controls! and! the! third!
analysis! assessed! localizationKrelated! epilepsy! patients! versus! healthy! controls.! IGE!
analysis!was!not!conducted!for!our! Irish!cohort!due!to! its!small!number!of!generalized!
epilepsy!patients!(n=16).!!
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2.2.7."GenomeRwide"metaRanalysis""
Summary! statistics! for! our! three! caseKcontrol! association! analyses! (EPIGENKIreland,!
EPIGENKUK,!EPIGENKUS)!were!sent!to!a!central!metaKanalysis!site!at!Philadelphia,!where!
they!were! combined!with! summary! statistics! from! a! further! six! caseKcontrol! analyses!
and! subjected! to! a! fixedKeffects! metaKanalysis! using! the! METAL! software! package129.!
METAL! selected! a! reference! allele! for! each! SNP! (all! nine! caseKcontrol! cohorts! were!
aligned!to!the!same!reference!allele)!and!estimated!a!zKstatistic!from!their!p!values.!This!
z!statistic!summarized!both!the!magnitude!and!direction!of!a!SNP’s!effect,!relative!to!its!
reference! allele.! The! weighted! sums! of! pKvalues! and! zKvalues! ! (proportional! to! the!
squareKroot!of!sample!size!in!each!individual!caseKcontrol!analysis)!was!used!to!generate!
an! overall! zKstatistic! and! pKvalue.! Correction! for! genomic! inflation! due! to! population!
stratification!was!performed!on!each!individual!cohort!preKmetaKanalysis.!!
!
Three!metaKanalyses!were!conducted! in!total.!The!first!examined!all! forms!of!epilepsy,!
including! LREs,! IGEs!and!uncategorized! syndromes.! The! second! investigated! IGEs!only.!
The! third! assessed! LREs! only.! The! typical! genomeKwide! threshold! for! statistical!
significance!of!5x10K8!was!accordingly!adjusted!to!1.66x10K8!in!order!to!correct!for!these!
three! tests.! Signals! between! 1.66x10K8! and! 5x10K7! were! interpreted! as! ‘suggestive’!
associations.!!
"
2.2.8."Logistic"and"conditional"regressions"
In!order!to!verify!the!results!obtained!from!FastLMM,!we!conducted!a!logistic!regression!
on!three!genomeKwide!SNPs,!namely:!(i)!rs6732655!(chr2:166895066)!and!rs28498976!
(chr4:!31151357)!for!the!‘all!epilepsy’!metaKanalysis!and!rs2947349!(chr2:!58059803)!for!
the!‘IGE’!metaKanalysis.!Logistic!regression!was!performed!using!PLINK,!with!gender!and!
the!first!20!PCAs!included!as!covariates!to!control!for!population!stratification.!!!
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A!conditional!regression!was!also!conducted!using!FastLMM.!This!used!the!same!steps!
as! above,! but! included! the! genotypes! for! the! three! conditioned! SNPs! (dosage! values!
ranging!from!0!to!2)!as!additional!covariates.!"
"
2.2.9."Confirmatory"genotyping"–"TaqMan"assay"(rs28498976)"
As! we! will! outline! in! section! 2.3,! a! number! of! genomeKwide! significant! signals! were!
identified! across! several! genomic! regions.! In! order! to! assess! the! accuracy! of! the!
genotype!calls!at!these!regions,!I!worked!with!our!laboratory’s!postKdoctoral!geneticist,!
Dr.!Mark!McCormack,! to! perform! a! series! of! confirmatory! ‘hard’! genotypes! on! these!
variants!using!the!polymerase!chain!reaction!(PCR).!!
!
Our! imputation!process!was!broadly!determined!by!ethnicity,!as! it! involved!a!series!of!
haplotype!‘matches’!between!the!1,000!Genomes!reference!cohort!and!a!diverse!range!
of! ILAE!test!cohorts! (including!European!Caucasian,!Han!Chinese!and!African!American!
samples).! Accordingly,! the! ILAE! consortium! selected! three! groups! of! participants! for!
confirmatory!genotyping,! in!order!to!represent!the!three!broad!ethnic!groups!included!
in!our!meta!analysis,!consisting!of!280!Caucasian!samples,!290!African!American!samples!
and!50!Han!Chinese! samples! (see! table!7).! The!EPIGENKUK,!EPIGENKBelgium!and!Hong!
Kong!source!centres!sent!a!subset!of!their!samples!to!our!laboratory!at!the!Royal!College!
of! Surgeons! in! Ireland! to! facilitate! this! confirmatory! genotyping.! We! genotyped! the!
Caucasian! and!Han!Chinese! participants! for! three! genomeKwide! significant! SNPs! using!
three!SNP!genotyping!assays,!while!a!group!of!geneticists!at!Philadelphia!genotyped!the!
African!American!samples!for!two!of!these!SNPs.!!!
!
!
!
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Table(7:(Number(of(samples(genotyped(for(our(three(SNPs(of(interest(
! Caucasian( African( Asian( TOTAL(
! Brussels! Dublin! London! EPICURE! Philli! Duke! Hong!Kong! Combined!
rs6732655( 30! 24! 50! 20! 150! K! 50! 325!
rs28498976( 33! 74! 68! 31! 92! 140! 218! 656!
rs2947349( 33! 58! 32! 33! K! K! 37! 193!
Note:" Caucasian" samples" were" processed" at" RCSI," whereas" analysts" at" Hong" Kong" and" Duke" University" analyzed" Han"
Chinese"and"African"American"samples,"respectively.""
!
First,! we! conducted! a! TaqMan®! genotyping! assay! (Life! Technologies)! for! the!
downstream! intergenic! variant! rs28498976.! This! SNP! is! centred! on! the! 3’! end! of! the!
PCDH7!gene,!located!on!the!p15.1!arm!of!chromosome!4.!As!illustrated!in!figure!18,!the!
major!and!minor!alleles!of!rs28498976!are!G!and!A,!respectively.!It!has!a!global!MAF!of!
0.4573!(ENSEMBLE!Genome!Browser,!2014).!!
!
!
!
!
!
Figure(18:!Genomic(context(of(the(intergenic(SNP,(rs28498976.((
The!top!section!of!the!figure!places!the!variant!in!the!wider!context!of!chromosome!4,!while!the!middle!section!focuses!in!
on! the! p15.1! locus.! The! bottom! section! shows! the! sequence! of! the! gene! 25! bases! upstream! and! downstream! of! the!
variant!(images!imported!from!UCSC!Genome!Browser).!!!
!
Aliquots!containing!the!Caucasian!European!and!Han!Chinese!DNA!samples!were!diluted!
to!a!concentration!of!20ng/ul!of!genomic!DNA.!2.25ul!of!each!dilution!was!then!added!
to!a!96Kwell!plate!containing!(i)!2.5ul!of!TaqMan!master!mix,!0.125ul!40x!customKmade!
primer! (assay! ID:!C_58252851_10)! and!0.125!PCRKH20.! The! constituents!of! the!master!
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mix!included!two!Passive!Reference!fluorescent!dyes!–!(i)! ‘VIC’!(which!reacts!to!the!‘A’!
allele)!and!(ii)! ‘FAM’!(which!reacts!to!the!‘G’!allele).!See!table!8!for!a!full! list!of!master!
mix!components.!!
!
Table(8:(TaqMan(Master(Mix(components(
Master(mix(component( Purpose(
AmpliTaq!Gold!DNA!Polymerase! Catalyses!the!polymerisation!of!deoxynucleotides!into!DNA!
AmpErase!uracilKDNA!glycosylase! Catalyses!the!hydrolysis!of!the!NKglycosylic!bond!between!uracil!
and! sugar! in! DNA;! prevents! carryKover! of! DNA! in! the! PCR!
reaction.!!
Deoxynucleotide! triphosphates!
(dNTPs)! with! deoxyuridine!
triphosphates!(dUTPs)!
Supply!the!individual!DNA!bases!(A,!G,!C,!U)!and!energy!required!
by!the!PCR,!overall!forming!the!‘bricks’!of!the!reaction.!!
Passive"Reference!fluorescent!dye! Contains!fluorophores!which!detect!levels!of!allele!expression!
Optimised!buffer! Optimises!pH!and!magnesium!levels!!
!
The!96Kwell!plate!was!centrifuged!for!10K15!seconds!at!14310xg!to!remove!air!bubbles.!I!
then!inserted!the!plate!into!a!7900HT!Fast!RealKTime!PCR!System!with!a!384KWell!Block!
Module! (Life! Technologies).! I! labelled! all! wells!with! an! appropriate! sample! name! and!
added!a!marker!for!rs28498976.!I!then!ran!an!allelic!discrimination!procedure!using!SDS!
software!v.2.3!(Applied!Biosystems):!First,!I!performed!a!preKread!(60oC!for!10!minutes)!
to!detect!fluorescence.!Second,!I!ran!a!polymerase!chain!reaction!in!(i)!40!cycles!of!95oC!
for! 1! minute,! (ii)! 40! cycles! at! 92oC! for! 15! seconds! and! (iii)! 40! cycles! at! 60oC!for! one!
minute.!Finally,!I!conducted!a!postKread!(1!minute!at!60oC).!This!produced!a!scatter!plot!
of!genotype!calls!(A/A,!A/G!or!G/G)!for!all!samples.!!
!
2.2.10."Confirmatory"genotyping"–"Sanger"assay"(rs6732655)"
For!the!second!phase!of!confirmatory!genotyping,!we!carried!out!Sanger!sequencing!for!
the!intronic!variant,!rs6732655!(a!custom!TaqMan!assay!could!not!be!designed!for!this!
SNP! and! it! was! therefore! unsuitable! for! TaqMan! sequencing).! This! SNP! is! located! in!
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intron!16!of!the!SCN1A!gene,!within!the!q24.3!arm!of!chromosome!2.!Its!major!allele!is!T!
and!minor!allele!is!A,!with!a!global!MAF!of!0.2167!(ENSEMBLE!Genome!Browser,!2014).!!
!
!
!
!
Figure(19:(Genomic(context(of(the(intronic(SNP,(rs6732655.((
Part!A!places!the!variant!in!the!wider!context!of!chromosome!2,!part!B!focuses!in!on!the!q24.3!locus!and!part!C!shows!the!sequence!of!the!
gene!25!bases!upstream!and!downstream!of!the!variant!(images!imported!from!UCSC!Genome!Browser).!!!
!
Once!again,!aliquots!of!Caucasian!European!and!Han!Chinese!DNA!samples!were!diluted!
to!a!concentration!of!20ng/ul!of!genomic!DNA.!2.25ul!of!this!template!DNA!was!pipetted!
into! a! 96Kwell! plate! containing! 2.5ul! HotStarTaq! Plus! PCR!master!mix,! 0.125! customK
made!TaqMan!primer!mix! (assay! ID:!AHD19IE)!and!0.125!PCR!H20.!The!constituents!of!
the!master!and!primer!mixes!are!detailed!in!table!9.!
!
Table(9.((HotStarTaq(Master(Mix(components(
Master(mix(component( Purpose(
HotStarTaq!Plus!DNA!Polymerase! Catalyses!the!polymerisation!of!deoxynucleotides!into!DNA!
AmpErase!uracilKDNA!glycosylase! Catalyses!the!hydrolysis!of!the!NKglycosylic!bond!between!uracil!
and! sugar! in! DNA;! prevents! carryKover! of! DNA! in! the! PCR!
reaction.!!
Deoxynucleotide! triphosphates!
(dNTPs)!!
Supply!the!individual!DNA!bases!(A,!G,!C,!U)!and!energy!required!
by!the!PCR,!overall!forming!the!‘bricks’!of!the!reaction.!!
Passive"Reference!fluorescent!dye! Contains!fluorophores!which!detect!levels!of!allele!expression!
CoraLoad!PCR!buffer! Optimises!pH!and!magnesium!levels!!
25!mM!MgCl2! Enhances!detection!of!A/TKrich!DNA!regions!
!
The!96Kwell!plate!was!centrifuged!for!10K15!seconds!at!14310xg!in!order!to!remove!air!
bubbles.! The! plate! was! subsequently! placed! in! the! 7900HT! PCR! System.! Wells! were!
again!labelled!with!appropriate!sample!names!and!a!marker!was!added!for!rs6732655.!I!
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then!instructed!the!PCR!system!to!conduct!its!‘allelic!discrimination’!procedure:!First,!it!
performed! a! preKread! (60oC! for! 10! minutes)! to! detect! fluorescence.! Second,! it! ran! a!
polymerase!chain!reaction!in!(i)!an!initial!step!to!activate!DNA!polymerase!at!35!cycles!of!
95o! for!1!minute,! (ii)! a! threeKstep!cycle!of!denaturing! (1!minute!at!94oC),!annealing! (1!
minute!at!68oC)!and!extension!(1!minute!at!72oC)!for!35!cycles!and!(iii)!a!final!extension!
of!10!minutes!at!72oC.!The!machine!then!ran!a!postKread!(1!minute!at!60oC).!!
!
To! ensure! we! had! single,! clear! DNA! bands! before! performing! Sanger! sequencing,! I!
conducted! agarose! gel! electrophoresis.! First,! a! 10X! TrisKAcetateKEDTA! (TAE)! buffer!
solution!was!created!by!dissolving!48.4!Tris!in!20ml!of!0.5!M!EDTA!(pH!=!8)!with!11.42ml!
of! Acetic! Acid! and! filling! up! the! solution! to! 1L! with! deionised! water! (dH2O).! I! then!
diluted!this!solution!to!1X!TAE.!300mg!of!agarose!powder!(SigmaKAldrich)!was!added!to!
150!of!the!1X!TAE!and!boiled!to!dissolve!the!powder!–!producing!a!gel.!I!added!15ul!of!
GelStar!nucleic! acid! stain! (Lonza)! to! the!mix.! The! stained! liquid!was!poured! into!a! gel!
block! and! allowed! to! cool! for! ~30! minutes! until! the! gel! became! solid! and! was!
transferred! from! the! block! to! an! electrophoresis! tank! filled!with! 1X! TAE! as! a! running!
buffer.! I! created! a! series! of! wells! in! the! gel.! The! first! well! contained! a! 100Kbasepair!
ladder!to!act!as!a!reference!guide.!All!other!wells!contained!a!mix!of!loading!buffer!and!
sample!(1:1!dilution,!5μl!of!each!sample).!I!connected!the!tank!to!a!120Kvolt!charge!and!
left! this! charging! for! 30!minutes.! Upon! completion,! I! placed! the! gel! under! a! UV! light!
camera!to!visualise!bands.!!
!
DNA! fragments! were! purified! with! Microclean! reagent! (Microzone! Ltd.)! to! remove!
leftover!reagents!from!the!PCR!process.!Samples!were!left!in!Microclean!for!five!minutes!
at! room! temperature! and! subsequently! centrifuged! at! 2,012.4xg! for! 40!minutes.! The!
sample!was!inverted,!a!tissue!was!placed!under!the!inverted!wells!and!the!sample!was!
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centrifuged! on! a! slow! spin! at! 16.63xg! for! 30! seconds! to! remove! any! unwanted!
supernatants!and!drain!the!well!of!all!fluid.!I!then!reKsuspended!our!DNA!pellets!in!10ul!
TAE!buffer.!Sanger!sequencing!was!conducted!on!all!cleaned!DNA!fragments!using!the!
‘BigDye’! version!3.1! Terminator! Sequencing!Kit! (Applied!Biosystems).! The! constituents!
of!this!kit!are!detailed!in!table!10.!!
!
Table(10.((BigDye(Terminator(Sequencing(Kit(components(
Ingredient( Amount(per(run((ul)(
ABI!5x!buffer! 2!
PCR!H2O! 4.68!
TaqMan!customKmade!primer!(20pM)! 0.32!
ABI!BigDye!Terminator!version!3.1! 1!
Template!DNA! 2!
Total( 10(
!
The!Sanger!reaction!was!run!in!the!following!cycle:!(i)!1!minute!at!96OC,!(ii)!10!seconds!
at! 96OC! for! 25! cycles,! (iii)! 5! seconds! at! 50OC! and! (iv)! 4!minutes! for! 60OC! and! (v)! 4OC!
indefinitely.! I! cleaned! the! resulting! solution! with! Sephadex! GK50! spin! plates! (GE!
Healthcare)!and!visualised!it!with!a!Genetic!Analyser!3130!(Applied!Biosystems).!!
!
2.2.11."Confirmatory"genotyping"–"Kasper"KASPTM"assay"(rs2947349)"
For! the! third!and! final!phase!of!confirmatory!genotyping,! I!employed!a!Kasper!KASPTM!
assay!(LGG!Genomics)!for!the!intergenic!variant,!rs2947349!(a!customised!TaqMan!assay!
could!not!be!designed!for! this!variant!and! it! failed!Sanger!sequencing).!The!rs2947349!
variant!is!centred!on!the!exonic!VRK2!gene,!located!at!the!p16.1!arm!of!chromosome!2.!
Its!major!and!minor!alleles!are!A!and!C,!respectively.!!
!
!
!
!
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!
!
!
Figure(20:!Genomic(context(of(the(intergenic(SNP,(rs2947349.(
Part!A!places!the!variant!in!the!wider!context!of!chromosome!2,!part!B!focuses!in!on!the!p16.1!locus!and!part!C!shows!the!
sequence!of!the!gene!25!bases!upstream!and!downstream!of!the!variant!(images!imported!from!UCSC!Genome!Browser).!!!
!
Caucasian!European!and!Han!Chinese!DNA!samples!were!diluted!to!a!concentration!of!
20ng/ul!of!genomic!DNA,!as!above.!2.25ul!of!this!template!DNA!was!pipetted!into!a!96K
well! plate! containing! 2.5ul! KASP! custom! primer! mix! (LGG! Genomics! constructed! a!
custom!primer!for!us!after!we!provided!them!with!a!flanking!sequence!for!rs2947349),!
0.125ul! KASP! master! mix! and! 0.125ul! PCR! H20.! The! components! of! the! primer! and!
master!mix!are!detailed!in!table!11.!!
!
Table(11.((KASP(custom0made(primer(and(master(mix(components(
Master(mix(component( Purpose(
Taq!Polymerase! Catalyses!the!polymerisation!of!deoxynucleotides!into!DNA!
5KcarboxyKXKrhodamine,!
succinimidyl!ester!(ROX)!
Acts!as!a!fluorescent!probe!/!stain!
FAM! and! HEX! specific! FRET!
cassette!
Cassette! contains! fluorometric! dye! (HEX! or! FAM)! which! is!
conjugated! to! primer! but! quenched! via! resonance! energy!
transfer!
Deoxynucleotide! triphosphates!
(dNTPs)!!
Supply!the!individual!DNA!bases!(A,!G,!C,!U)!and!energy!required!
by!the!PCR,!overall!forming!the!‘bricks’!of!the!reaction.!!
Passive"Reference!fluorescent!dye! Contains!fluorophores!which!detect!levels!of!allele!expression!
Optimised!buffer!! Optimises!pH!and!magnesium!levels!!
DMSO! Enhances!detection!of!G/CKrich!DNA!regions!
50!mM!MgCl2! Enhances!detection!of!A/TKrich!DNA!regions!
Primer(mix(component! Purpose!
Two! alleleKspecific! primers! (one!
for!each!allele).!
Each!primer!contains!a!unique!unlabelled!tail!sequence!at!
the!5’!end.!!
One!common!(reverse)!primer! Ensures!amplification!of!the!reverse!strand!of!DNA!
!
The!96Kwell!plate!was!centrifuged!for!10K15!seconds!at!14310xg!in!order!to!remove!air!
bubbles.! The! plate! was! subsequently! placed! in! the! 7900HT! PCR! System.! Wells! were!
again!labelled!with!appropriate!sample!names!and!a!marker!was!added!for!rs2947349.!I!
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conducted! allelic! discrimination! under! the! following! cycling! conditions:! (i)! 94°C! for! 15!
minutes,! (ii)! 94°C! for! 20! seconds! (iii)! 65°C! 60! seconds! (iv)! drop! K! 0.8°C/per! cycle! (v)!
repeat! steps! ii! and! iii! 9! times! for! a! total! of! 10! cycles,! achieving! the! annealing!
temperature!of! 57°C! (iv)! 94°C! for!20! seconds! (vi)! 57°C! for!60! seconds!and! (vii)! repeat!
steps!v!and!vi!25!times!for!a!total!of!26!cycles.!The!SDS!software!then!ran!a!postKread!(1!
minute!at!60o),!creating!a!scatter!plot!of!genotype!calls!(A/A,!A/C!or!C/C)!for!all!samples.!
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2.3!Results!
"
2.3.1.!EPIGENKIRELAND!Results!
"
2.3.1.1"EPIGENRIRELAND:"All"epilepsy"patients"versus"healthy"controls"
A!GWAS!conducted!on!our!cohort!of!638!epilepsy!patients!and!2,232!healthy!controls!
from! Beaumont! Hospital! and! Trinity! College,! respectively! (EPIGENKIRELAND)! did! not!
reveal! a! genomeKwide! significant! signal! for! any! of! the! SNPs! under! investigation! (p" >!
5x10K8;!λ!=!1.028,!SNPs!=!5,602,813).!Figure!21!illustrates!an!‘isolated’!SNP!approaching!
genomeKwide!significance!at!the!start!of!chromosome!6,!but!the!observed!lack!of!SNPs!
nearby! in! linkage! disequilibrium! indicates! that! this! peak! is! likely! spurious.! Some!
suggestive!peaks!were!also!observed!at!loci!in!chromosomes!5,!8,!9,!10,!15!and!21!(p"<!
5x10K5):!
(
(
(
(
(
(
(
(
(
(
(
Figure(21:!Manhattan(+(QQ(plot(for(EPIGEN0IRELAND((all(epilepsies).((
In!the!Manhattan!plot!(left),!each!black/grey!dot!represents!a!SNP.!The!red! line! indicates!SNPs!that!passed!the!genomeKwide!significant!
threshold!of!p<5x10K8!,!while!the!blue!line!represents!suggestive!SNPs!at!5x10K5.!In!the!quantileKquantile!(QQ)!plot!(right),!the!black!line!fits!
closely!to!the!red!line!–!indicating!adequate!control!for!genomic!inflation.!The!lambda!(λ)!value,!which!is!calculated!by!divided!the!qKchiK
squared!of!the!median!p!value!by!the!qKchiKsquared!of!an!‘ideal’!median!of!5,!is!used!to!represent!inflation!effects!driven!by!poor!control!
for!population!stratification.!Values!greater!than!1.05!typically! indicate!underKcorrection!for!stratification,!whereas!values! less!than!0.95!
suggest!overKcorrection.!Here,!a!lambda!(λ)!value!of!1.028!further!indicated!that!genomic!inflation!was!well!controlled!for.!Number!of!SNPs!
=!5,602,813."
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(
2.3.1.2"EPIGENRIRELAND:"Focal"(LRE)"epilepsies"versus"healthy"controls"
Our! Irish! caseKcontrol! analysis! of! localizationKrelated! epilepsy! patients! versus! healthy!
controls!(N=!528!cases,!2,232!controls;!λ!=!1.023,!SNPs!=!5,612,858)!did!not!reveal!any!
genomeKwide!significant!SNPs.!This!was!possibly! related! to! the! relatively! small!patient!
sample!size!(N=528).!Several!suggestive!peaks!were!observed!at!loci!in!chromosomes!6,!
10!and!11!(see!figure!22).!!
!
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Figure(22:!Manhattan(+(QQ(plot(for(EPIGEN0IRELAND((focal(epilepsies).(
A!lambda!(λ)!value!of!1.023!indicated!that!population!stratification!was!controlled!for.!Number!of!SNPs!=!5,612,858."
(
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2.3.2.!EPIGENKUK!Results!
"
2.3.2.1"EPIGENRUK:"All"epilepsy"patients"versus"healthy"controls"
A! GWAS! conducted! on! all! epilepsy! patients! and! healthy! controls! from! the! London!
branch!of!the!EPIGEN!consortium!(EPIGENKUK)!did!not!reveal!any!genomeKwide!signals!
(p>5x10K8,!N=!1,007!cases,!2,494!controls;!SNPs!=!4,414,506,!λ=1.038).!Three!suggestive!
signals!were!observed;!the!first!at!the!start!of!chromosome!4,!the!second!towards!the!
end!of!chromosome!5!and!the!third!at!the!centre!of!chromosome!6!(p<5x10K5):!
!
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Figure(23:!Manhattan(+(QQ(plot(for(EPIGEN0UK((all(epilepsies).(
Here,!our!lambda!value!was!1.038,!indicating!that!population!stratification!was!adequately!controlled!for.!Number!of!SNPs!=!4,414,506."
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2.3.2.2."EPIGENRUK:"Focal"(LRE)"epilepsies"versus"healthy"controls"
A! second! GWAS! analysis! conducted! on! localizationKrelated! epilepsy! patients! versus!
healthy! controls! (N=! 773! cases,! 2,494! controls;! SNPs! =! 4,414,506,! λ=1.017)! did! not!
reveal! any! genomeKwide! signals.! Suggestive! signals! were! observed! at! the! start! of!
chromosome!3,!end!of!chromosome!5!and!end!of!chromosome!15!(p<5x10K5):(
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Figure(24:!Manhattan(+(QQ(plot(for(EPIGEN0UK((focal(epilepsies).(
A!lambda!(λ)!value!of!1.017!indicated!that!population!stratification!was!controlled!for.!Number!of!SNPs!=!4,414,506."
"
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2.3.2.3."EPIGENRUK:"Generalized"(IGE)"epilepsy"patients"versus"healthy"controls"
The!UK!‘IGE!patients!versus!healthy!controls’!analysis! (N=!93!cases,!2,494!controls;!λ!=!
1.027,! SNPs! =! 4,219,794)! did! not! identify! any! genomeKwide! significant! associations,!
although!several!suggestive!peaks!were!observed!at!the!ends!of!chromosomes!1!and!2,!
start!of!chromosomes!7!and!8!and!chromosome!20:!
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Figure(25:!Manhattan(+(QQ(plot(for(EPIGEN0UK((generalised(epilepsies).(
A!lambda!(λ)!value!of!1.027!indicated!that!population!stratification!was!controlled!for.!Number!of!SNPs!=!4,219,794."
!
(
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2.3.3.!EPIGENKUS!Results!
"
2.3.3.1"EPIGENRUS:"All"epilepsy"patients"versus"healthy"controls"
A! GWAS! conducted! on! all! epilepsy! patients! and! healthy! controls! from! the! Duke!
University! wing! of! our! consortium! (EPIGENKUS)! did! not! reveal! any! genomeKwide!
significant! signals! (p>5x10K8;! N=! 760! cases,! 504! controls;! λ! =! 1.04,! SNPs=5,373,294).!
Some!suggestive!signals!were!observed!at!chromosomes!1,!3,!6,!9!and!19!(p<5x10K5):!
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Figure(26:!Manhattan(+(QQ(plot(for(EPIGEN0US((all(epilepsies).(
A!lambda!(λ)!value!of!1.04!indicated!that!population!stratification!was!adequately!controlled!for.!Number!of!SNPs!=!5,373,294.!
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2.3.3.2"EPIGENRUS:"Focal"(LRE)"epilepsy"patients"versus"healthy"controls"
A!second!GWAS!focusing!on!focal!(LRE)!patients!and!healthy!controls!did!not!reveal!any!
genomeKwide! significant! signals! (p>5x10K8;! N=! 551! cases,! 504! controls;! SNPs! =!
5,191,775).!Some!suggestive!signals!were!observed!at!chromosomes!11,!16,!17,!19!and!
23!(p<5x10K5):!
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Figure(27:!Manhattan(+(QQ(plot(for(EPIGEN0US((focal(epilepsies).(
A!lambda!(λ)!value!of!1.037!indicated!that!population!stratification!was!controlled!for.!Number!of!SNPs!=!5,191,775.!
!
!
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2.3.3.2"EPIGENRUS:"Idiopathic"generalised"(IGE)"epilepsies"versus"healthy"controls"
A! third! GWAS! conducted! on! IGE! patients! and! healthy! controls! from! our! EPIGENKUS!
cohort!did!not!reveal!any!genomeKwide!significant!signals!(p>5x10K8;!N=!102!cases,!504!
controls;! SNPs!=!5,366,320.!A! suggestive!peak,!approaching!genomeKwide! significance,!
was! observed! at! the! start! of! chromosome!7,!while! a! number! of! additional! suggestive!
peaks!were!revealed!at!chromosomes!10,!14,!19!and!23!(p<5x10K5):!
"
(
(
(
(
(
(
(
(
(
(
(
(
"
"
"
"
"
"
"
"
Figure(28:!Manhattan(+(QQ(plot(for(EPIGEN0US((generalised(epilepsies).(
A!lambda!(λ)!value!of!1.05!indicated!that!population!stratification!was!adequately!controlled!for."
!
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2.3.4.!Overall!ILAE!metaKanalysis!results!
"
2.3.4.1"Overall"ILAE"metaRanalysis"results:"Summary"of"most"significant"loci"
We!observed!nine!major!signals!of!note!across!our!three!GWAS!analyses.!Three!of!these!
signals!were! genomeKwide! (p"<! 1.66x10K8)!while! another! six! showed! highly! suggestive!
significance! levels! (1.66x10K8! <! p<5x10K7).! Table! 12! summarises! these! three! major!
genomeKwideKsignificant! signals! and! six! suggestive! signals.! ! We! will! consider! each!
respective!signal!through!sections!2.3.4.2!to!2.3.4.4.!!
!
!
Table(12:(Summary(of(variants(at(p<5x1007.((
!
!
CHR"="cytogenetic"band,"BP"="base"pair"position,"build"37"(hg19),"A1/A2"="allele"1,"allele"2,"MAF"="minor"allele"frequency"from"all"1000Genomes"populations"
(minor"allele"listed"in"brackets),"cand."gene"="most"plausible"candidate"gene"attributable"to"the"signal,"function"="functionality"of"SNP,"pheno"="phenotype,"beta"
="beta"value"from"LMM"meta"(A1"is"test"allele),"LMM"p"="p"value"from"linear"mixed"model,"all"epi"="all"epilepsies,"IGE"="idiopathic"generalized"epilepsies,"LRE"="
localizationRrelated"epilepsies.""
"
"
"
"
rs(number! CHR! BP! A1/A2! MAF! cand.(
gene!
function! pheno! beta! LMM(p!
rs6732655! 2q24.3! 166895066! A/T! 0.22(A)! SCN1A" intron! all!epi! K6.13! 8.71x10K10!
rs28498976! 4p15.1! 31151357! A/G! 0.46(A)! PCDH7"
!
intergenic! all!epi! 5.83! 5.44x10K9!
rs111577701! 3q26.2! 167861408! T/C! 0.09(T)! GOLIM4" intergenic! all!epi! K5.05! 4.42x10K7!
rs535066! 4p12! 46240287! T/G! 0.40(G)! GABRA2" intergenic! all!epi! K5.23! 1.71x10K7!
rs2947349! 2p16.1! 58059803! A/C! na! VRK2/FANCL" intergenic! IGE! K5.73! 9.99x10K9!
rs1939012! 11q22.2! 102595135! T/C! 0.40(T)! MMP8" intronic! IGE! 5.58! 2.37x10K8!
rs1044352! 4p15! 31147874! T/G! 0.50(T)! PCDH7" synon! IGE! 4.74! 1.87x10K7!
rs55670112! 5q22.3! 114268470! A/C! 0.47(C)! none! intergenic! IGE! 5.41! 6.34x10K8!
rs12987787! 2q24.3! 166858391! T/C! 0.21(C)! SCN1A" intronic! LRE! 5.26! 1.45x10K7!
"! !66"
2.3.4.2."Overall"results:"All"epilepsy"patients"versus"healthy"controls"
Following!the!amalgamation!of!summary!statistics!and!the!application!of!quality!control!
(QC)! criteria! (see! methods! section),! our! metaKanalysis! consisted! of! a! total! of! 34,853!
participants!(8,696!patients!and!26,157!controls)!across!nine!cohorts!(EPICURE,!EPIGENK
London,! EPIGENKDublin,! EPIGENKDuke,! EPIGENKBrussels,! SANAD/GenEpa! (Finland),!
SANAD/ImperialKLiverpoolKMelbourne!(ILM),!Hong!Kong!and!Philadelphia).!FixedKeffects!
metaKanalysis!using!METAL!revealed!two!significant!peaks:!(i)!a!290kb!region!centred!on!
SCN1a! of! chromosome! 2! (p=8.71x10K10)! and! a! 53kb! region! centred! on! the! 3’! end! of!
PCDH7!on!chromosome!4!(p=5.44x10K9).!
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Figure(29:!Manhattan(+(QQ(plot(for(the(full(GWAS(meta0analysis((all(epilepsies).(
A!λ!value!of!1.031!indicated!that!genomic!inflation!was!well!controlled!for.!Image!generated!using!R’s!qqman!function.!
!
"! !67"
0
2
4
6
8
10
−
log
10
(p
−v
alu
e)
0
20
40
60
80
100
Recom
bination rate (cM
/M
b)
rs6732655
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●●
●
●
●
●●
●●
●
●
●
●
●
●
●●●●●●●●
●
●●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●
●●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
0.2
0.4
0.6
0.8
r2
GALNT3
LOC100506124
TTC21B
LOC100506134
SCN1A SCN9A
166.7 166.8 166.9 167 167.1 167.2
Position on chr2 (Mb)
Plotted SNPs
The! first! signal! spanned! 272kb! at! 2q24.3,! in! the! centre! of! the! voltageKgated! sodium!
channel!type!1!alpha!subunit!gene,!also!known!as!SCN1a!!(p<1.66x10K8)!SCN1a!encodes!
for! an! alpha! pore! that! forms! subunits! of! sodium! channels! and! forms! part! of! a! gene!
cluster!with!SCN2a!and!SCN3a130.!The!most!significant!variant!in!this!272kb!interval!was!
rs6732655! (p=8.71x10K10,! odds! ratio! (OR)! =! 0.89,! confidence! interval! (CI)! =! 0.86K0.93),!
which!is!located!within!intron!16!of!SCN1A.!An!additional!70!variants!within!this!272kb!
region!passed!genomeKwide!significance!(see!figure!30!below).!!
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Figure(30:!Genomic(context(of(signal(at(2q24.3,(from(‘all(epilepsy’(analysis.(
Image!generated!using!LocusZoom.!LD!data!were!sourced!from!1000G,!HG19,!March!2012.!
!
As! illustrated! in! figure! 31! (overleaf),! the! direction! of! effect! for! this! SCN1A! signal!was!
consistent!across!all!cohorts!except!for!the!African!American!sample.!The!lack!of!signal!
in!the!African!American!cohort!may!be!due!to!population!specific!effects!of!the!SCN1A!
variant! (i.e.! it! confers! risk! in! some! populations! but! not! others),! differences! in! linkage!
disequilibrium!patterns!between!ethnicities!or!the!SNP!simply!having!a!different!effect!
"! !68"
size! for! African! American! populations! (causing! us! to! be! underKpowered! to! detect! any!
effect,!given!the!smaller!sample!size!of!the!African!American!cohort).!!
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Figure(31:!Forest(plot(illustrating(risk(estimate((X(axis)(contributed(by(each(ILAE(cohort(to(the(SCN1a(GWAS(signal.((
Size!of!the!black!squares!indicates!sample!size.!Confidence!interval!!(CI)!is!inversely!proportional!to!cohort!size!–!the!larger!the!cohort,!the!
tighter!the!confidence!interval.!Image!generated!using!R!by!ILAE!collaborator,!Zhi!Wei!(2014).!!
"
The! second! genomeKwide! signal!was! found! along! a! 48kb! region! 4p15.1,! located! 2.5kb!
downstream!of!the!PCDH7!gene!(p<1.66x10K8).!PCDH7,!or!‘protocadherin!7’,!is!a!member!
of!the!cadherin!subfamily!which!produces!an!integral!membrane!protein!involved!in!cellK
cell! recognition! and! adhesion.! It! has! not! previously! been! associated! with! epilepsy,!
although! it! is! expressed! in! a! number! of! CNS! organs! heavily! implicated! in! epilepsy,!
including! the! hippocampus131! and! thalamocortical! circuitry132.! PCDH7! expression! is!
regulated! by! the! xKlinked! MECP2! gene,! mutations! of! which! are! associated! with!
predisposition!towards!Rett!Syndrome;!the!most!common!cause!of!mental! retardation!
in!families133.!The!most!statistically!significant!variant!within!this!48kb!PCDH7!region!was!
rs28498976! (p=5.44x10K9,! OR=0.903! (CI:! 0.87K0.94).! No! additional! genomeKwide!
significant!signals!were!observed!in!this!region!(see!figure!32!overleaf).!!
"! !69"
Figure(32:!Genomic(context(of(signal(at(4p15.1,(from(‘all(epilepsy’(analysis.(
Image!generated!using!LocusZoom.!LD!data!were!sourced!from!1000G,!HG19,!March!2012.!
!
All!ILAE!samples!contributed!consistently!towards!a!protective!effect!of!the!rs28498976!
test!allele,!as!illustrated!in!figure!33.!
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Figure(33:!Forest(plot(illustrating(risk(estimate((X(axis)(contributed(by(each(ILAE(cohort(to(the(PCDH7(GWAS(signal.((
Size!of!the!black!squares!indicates!sample!size.!CI!is!inversely!proportional!to!cohort!size.!Image!generated!using!R!by!ILAE!collaborator,!Zhi!
Wei!(2014).!
0
2
4
6
8
10
−
log
10
(p
−v
alu
e)
0
20
40
60
80
100
Recom
bination rate (cM
/M
b)
rs28498976
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
●
●
●
●
●●
●●
●
●●
●●●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●●
●●
●
●
●●
●
●●
●
●
●
●
●
●●
●
●
●
●
●●●●
●
●
●
●
●
●
●●
●
●●
●
●
●●
●
●
●
●●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●●
●●
●●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●●
●●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●●
●
●●
●●●●
●
●●
●●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●●
●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●●
●●
●
●
●
●
●
●
●●●
●●
●
●●
●
●
●
●
●
●●
●●
●●
●
●
●
●
●
●
●
●
●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●
●
●●
●●
●
●
●
●
0.2
0.4
0.6
0.8
r2
PCDH7
30.6 30.8 31 31.2
Position on chr4 (Mb)
Plotted SNPs
"! !70"
!
Two! suggestive! signals! of! note! (p<5x10K7)! were! also! observed! for! our! ‘all! epilepsy’!
analysis.!The!first!spanned!a!101kb!region!at!3q26.2!containing!the!5’!end!of!the!GOLIM4!
gene!(p=4.42x10K7).!GOLIM4!is!a!Golgi!internal!membrane!protein!that!may!be!involved!
in! the! regulation!of!manganese! levels! in! the!brain134.! Brain!manganese! is! abundant! in!
glutamine!synthase,!which!plays!a!central!function!in!the!production!and/or!degradation!
of!glutamate,!gammaKaminobutyric!acid!(GABA)!and!glutamine.!Epilepsy!has!previously!
been!associated!with!depleted!brain!glutamine!synthase!and!manganese135,136.!!!
!
The!second!suggestive!signal!was!identified!at!a!113kb!region!along!4p12,!containing!the!
3’! end! of! GABRA2,! or! ‘gammaKaminobutyric! acid! receptor,! alpha! 2! subunit’! gene!
(p=1.71x10K7)! (see! table! 12).!Mutations! in! GABA! receptor! genes! have! previously! been!
associated!with!rare,!acquired!forms!of!epilepsy137.!
!
!
!
!
!
!
!
!
!
!
!
!
!
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2.3.4.3.""Overall"results:"Focal"(LRE)"epilepsy"patients"versus"healthy"controls"
Following! the! amalgamation! of! ‘localisationKrelated! epilepsy! versus! healthy! control’!
summary! statistics! across! eight! caseKcontrol! pairings,! we! conducted! a! fixedKeffects!
metaKanalysis! on! a! total! of! 28,916! participants! (5,310! epilepsy! patients! and! 23,606!
controls).!This!metaKanalysis!did!not!reveal!any!GWASKsignificant!signals.!One!suggestive!
signal!of!note!was!identified:!a!645kb!intergenic!SNP!at!2q24.3!(p<1.45x10K7)!containing!
SCN1A.!!
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Figure(34:!Manhattan(+(QQ(plot(for(the(full(GWAS(meta0analysis((focal(epilepsies).(
A"λ"value"of"1.014"indicated"that"genomic"inflation"was"well"controlled"for."Image"generated"using"R’s"qqman"function.&
"! !72"
2.3.4.4."Overall"results:"Generalised"(IGE)"patients"versus"healthy"controls""
Following! the!amalgamation!of! ‘idiopathic!generalised!epilepsy!versus!control’! summary!
statistics!across!six!caseKcontrol!pairings!(21,596!participants;!2,606!epilepsy!patients!and!
18,990!controls),! a! fixedKeffects!metaKanalysis!using!METAL! revealed!one!genomeKwideK
significant!signal!at!2p16.1,!centred!on!the!vaccinia! related!kinase!2! (VRK2)!gene,!which!
also!contained!the!Fanconi!Anemia,!Complementation!Group!L!(FANCL)!gene!(p<1.66x10K
8).!!
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Figure(35:!Manhattan(+(QQ(plot(for(the(full(GWAS(meta0analysis((all(epilepsies).(
A"λ"value"of"1.05"indicated"that"genomic"inflation"was"controlled"for."Image"generated"using"R’s"qqman"function."
!
"! !73"
This! genomeKwideKsignificant! signal! spanned! 706kb.! The! most! statistically! significant!
variant!within!the!region!was!the!intergenic!variant,!‘rs2947349’!(p=9.99x10K9).!!
Figure(36:!Genomic(context(of(signal(at(2p16.1,(from(‘IGE’(analysis.(
Image"generated"using"LocusZoom."LD"data"were"sourced"from"1000G,"HG19,"March"2012."
!
VRK2!encodes!a!form!of!vacciniaKrelated!kinase,!a!type!of!protein!kinase.!Expression!of!
the!gene!is!increased!in!actively!dividing!cells!such!as!those!in!the!testis,!fetal!liver,!and!
carcinomas!(RefSeq,!2008).!Mutations!in!VRK2!have!previously!been!associated!with!risk!
of! epilepsy! and! schizophrenia.138K140! FANCL! is! a! RINGKtype! E3! ubiquitin! ligase! whose!
monoKubiquintinated! proteins! (FANCD2! and! FANCI)! are! involved! in! DNA! repair! and!
homologous!recombination141.!FANCL!has!not!been!previously!associated!with!epilepsy!
or!seizure!disorders.!!
!
The! forest! plot! illustrated! in! figure! 37! illustrates! how! all! six! caseKcontrol! pairings!
contributed!towards!the!riskKconferring!effect!of!the!rs2947349!test!allele:!!
!
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!
Figure( 37:! Forest( plot( illustrating( risk( estimate( (X( axis)( contributed( by( each( ILAE( cohort( to( the(VRK2(
GWAS(signal(in(idiopathic(generalised(epilepsy((IGE).((
!
Three!suggestive!signals!of!note!were!observed!for!the!IGE!analysis.!The!first!signal!was!
observed!for!the!SNP!‘rs1939012’,!which!is!located!at!11q22.3!and!is!centred!on!the!5’!
end!of!the!MMP8!gene!(p=2.37x10K8).!MMP8,!or!‘matrix!metalloproteinase!8’,!is!involved!
in!the!breakdown!of!the!extracellular!matrix!in!normal!physiological!processes!including!
tissue! remodeling! and! disease! processes! including! metastasis! (RefSeq,! 2008).! The!
second!suggestive!signal!was! identified!at!5q22.3!and!was! located!on!a!stretch!of!DNA!
between!genes! (i.e.! intergenic;! see! table!12)! (p=6.34x10K8).! The! third! suggestive! signal!
was!identified!at!4p15.1!–!the!same!region!that!appeared!as!genomeKwideKsignificant!in!
our!‘all!epilepsy’!analysis!(p=1.87x10K7!for!IGE).!!
"
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2.3.4.5."Confirmatory"genotyping"–"TaqMan"results"(rs28498976)"
We!next!genotyped!a!subset!of!case!samples!for!the!most!significant!SNP!in!each!of!the!
peaks!in!order!to!rule!out!an!artefact!of!imputation!as!a!driver!of!the!association!signal.!
We! observed! a! total! mismatch! rate! of! 1.4%! between! imputed! and! hardKcalled!
genotypes! for! rs28498976.! The! breakdown! of! matches! between! imputed! and! hardK
called!genotypes!is!provided!in!table!13.!
!!
Table(13:(Matches(between(imputed(and(hard0genotyped(calls(for(rs28498976(
rs28498976( Sample(size( Matching((imputed(0(hard(call)( Match((%)(
Belgium! 33! 30! 91%!
Ireland! 74! 72! 97%!
EpiCURE! 31! 31! 100%!
UK! 68! 68! 100%!
Hong!Kong! 218! 217! 99%!
Subtotal( 424( 418( 98.6%(
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Figure(38:!Fluorescence(plot(for(rs28498976,(illustrating(A/A(calls(in(blue,(A/G(calls(in(red(and(G/G(calls(in(green.(
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2.3.4.6."Confirmatory"genotyping"–"Sanger"results"(rs6732655)"
Of!the!174!samples!we!genotyped!using!Sanger!sequencing,!173!genotype!calls!matched!
their! imputed! counterparts! –! giving! us! a! total! mismatch! rate! of! 0.57%.! Matches!
between! imputed! and! hardKcalled! genotypes! are! detailed! in! table! 14.! Figure! 39!
illustrates! genotype! calls! from! our! Sanger! sequencing! generated! using! the! ABI! 3130!
sequencing!platform!and!FinchTV!(Geospiza).!Each!base!has!a!different!wavelength.!‘A’!
alleles!are!detected!as!green,!‘T’!alleles!as!red,!‘C’!alleles!as!blue!and!‘G’!alleles!as!black.!
The!peak!of!each!wave!represents!the!intensity!for!each!allele.!Wavelengths!with!higher,!
dominant! peaks! are! considered! as! heterozygous! alleles.! For! example,! figure! 39! (top!
image)! illustrates! a! T/T! hard! call,! as! the! red! peak! is! dominant! in! proportion! to! black,!
green! and! blue! peaks.! Peaks! of! similar! intensity! are! typically! classed! as! heterozygous!
alleles.!!Contrastingly,!figure!39!(bottom!image)!shows!an!A!allele!signal!(green)!with!a!G!
allele!signal!of! lesser,!but!comparable!intensity!(black)!–! indicating!a!heterozygous!A/G!
call.!!
!!
Table(14:(Matches(between(imputed(and(hard0genotyped(calls(for(rs6732655(
rs28498976( Sample(size( Matching((imputed(0(hard(call)( Match((%)(
Belgium! 30! 30! 100%!
Ireland! 24! 24! 100%!
EpiCURE! 20! 20! 100%!
UK! 50! 49! 98%!
Hong!Kong! 50! 50! 100%!
Subtotal( 174( 173( 99.43%(
!
!
!
!
!
!
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Figure(39:!Genotype!calls!from!Sanger!sequencing.!!
Top:!Sanger!sequence!illustrating!a!T/T!call!highlighted!in!blue.!Bottom:!Sanger!sequence!illustrating!an!A/G!call!highlighted!in!blue.!
Created!using!Genetic!Analyser!3130!and!FinchTV!(Geospiza).!!
"
"
2.3.4.7."Confirmatory"genotyping"–"Kasper"KASP"results"(rs2947349)"
Our! custom! Kasper! KASP! assay! (detailed! in! section! 2.2.11)! revealed! a! 2.1%!mismatch!
rate!between!imputed!genotypes!and!hard!calls.!Calls!for!individual!cohorts!are!outlined!
in!table!15.!!
!
Table(15:(Matches(between(imputed(and(hard0genotyped(calls(for(rs2947349(
rs28498976( Sample(size( Matching((imputed(0(hard(call)( Match((%)(
Belgium! 33! 33! 100%!
Ireland! 58! 57! 98%!
EpiCURE! 31! 31! 100%!
UK! 32! 32! 100%!
Hong!Kong! 37! 34! 92%!
Subtotal( 191( 187( 97.9%(
!
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!
!
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Figure(40:!Fluorescence(plot(from(KASP(sequencing.(
Plot" illustrates" A/A" calls" in" red," A/C" calls" in" green" and" C/C" calls" in" blue." NonGtemplate" controls" are" shown" in" black."
Uncallable"genotypes"are"illustrated"in"pink."
!
2.3.4.8."Confirmatory"genotyping"–"ILAERwide"results"
Our!confirmatory!genotyping!summary!statistics!were!amalgamated!with!those!acquired!
at! Philadelphia.! Together,! they! revealed! that! 324! of! 325! genotypes! matched! for!
rs6732655!(99%),!644!of!656!genotypes!matched!for!rs28498976!(98%)!and!189!of!193!
genotypes!matched!for!rs2947349.!!
!
Table(16:(Full(confirmatory(genotyping(results(
! Caucasian( African(American( Asian0Han( TOTAL(
! *Brussels( *Dublin( *London( EPICURE( Philli( *Duke( Hong(Kong( Combined(
rs6732655! 30/30!(1)! 24/24!
(1)!
49/50!
(0.98)!
20/20!(1)! 150/150!
(1)!
K! 50/50!(1)! 324/325(
(0.99)(
rs28498976! 30/33!
(0.91)!
72/74!
(0.97)!
68/68!(1)! 31/31!(1)! 92/92!
(1)!
134/140!
(0.96)!
217/218!
(0.99)!
644/656(
(0.98)(
rs2947349! 33/33!(1)! 57/58!
(0.98)!
32/32!(1)! 33/33!(1)! K!! K! 34/37!
(0.92)!
189/193(
(0.98)(
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2.3.4.9."Logistic"and"conditional"regressions"
Logistic! regression! validated! our! three! genomeKwideKsignificant! associations! at! 2q24.3!
(SCN1a),! 4p15.1! (PCDH7)! and! 2p16.1! (VRK2).! As! there! was! a! high! level! of! linkage!
disequilibrium!(LD)!between!variants!at!the!2q24.3!locus!(see!figure!41),!we!performed!a!
second! logistic! regression,! conditioning! on! the! most! significantly! associated! variant!
(rs6732655).!Only!one!additional!significant,!possibly! independent!signal!was!observed!
for!rs13406236,!an!intronic!variant!within!SCN9A!(conditional!p!value!=!1.39x10K4)!(see!
figure! 41,! top! image).! SCN9A! belongs! to! the! same! family! of! genes! as! SCN1a! and,!
similarly,!is!responsible!for!the!production!of!voltageKgated!sodium!channel!proteins.!No!
additional! significant! signals! were! observed.! Conditional! analysis! on! the! top! variants!
from! the! PCDH7! signal! and! VRK2! signal! did! not! identify! any! independent,! significant!
signals!(see!figure!41,!middle!and!bottom!images).!!
!!!!
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Figure(41:!Conditional(regressions((
Regressions" were" conducted" on" the" most" statistically" significant" variants" from" the" SCN1a" signal" (top)," PCDH7" signal"
(middle)"and"VRK2"signal"(bottom)."Note"that"the"only"tentatively"significant,"independent"signal"was"observed"in"proximity"
to"the"SCN1a"locus,"for"an"intronic"SNP"within"SCN9a"(p<5x10G3)."""
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2.4!Discussion"
2.4.1." ‘All"epilepsy"patients"versus"controls’:"Meta"analysis"results""
The! present! study! employed! a! linear! mixedKmodelKbased! GWAS! to! three! groups! of!
epilepsy!patients!and! three! respective!groups!of!healthy!controls.!The! results!of! these!
three! analyses! were! combined! (in! a! meta! analysis)! with! those! from! eight! other! ILAE!
consortia! member! sites,! revealing! two! genomeKwide! signals! for! the! ‘all! epilepsy’!
phenotype,!at!loci!centred!on!the!genes!SCN1a!and!PCDH7.!!
!
These!results!may!have!several!crucial! implications! for!population!genetics! research! in!
epilepsy.! First,!mutations! in! SCN1a! have! previously! been! shown! to! cause! a! variety! of!
epilepsy! syndromes,! but! the! overwhelming! majority! of! such! cases! have! been! severe!
myoclonic! infant! forms! of! epilepsy! (SME! –! also! known! as! Dravet! syndrome)! with! a!
smaller!minority!of!syndromes!like!intractable!childhood!epilepsy!with!generalized!tonicK
clonic!seizures!(ICEGTC),!and!generalized!epilepsy!with!febrile!seizures!plus!(GEFS+)!130!in!
addition! to! nonKepileptic! neurological! conditions! like! familial! hemiplegic! migraine!
(FHM)142.! Recent! GWA! studies! have! found! an! association! between! SCN1A! and! more!
common!forms!of!epilepsy,!including!TLE!with!MTS119.!Our!study!has!reemphasised!the!
role! of! SCN1a" in! common! epilepsies;" illustrating! that! the! gene! may! habour! common!
variants!predisposing!to!common!forms!of!the!disorder.!Although!this!finding!is!unlikely!
to!impact!on!the!epilepsy!clinic!in!the!shortKterm,!it!does!provide!an!important!first!step!
towards!determining!the!relevance!of!common!genetic!variation!on!prognosis.!However,!
it!is!important!to!note!that!our!SCN1a!signal!may!be!driven!by!a!phenomenon!known!as!
synthetic" association:! A! small! number! of! epilepsy! patients! with! GEFS+! (or! a! related!
syndrome)!may!carry! rare!mutations!of! the!SCN1a! gene.!These!variants,!which!are! far!
less! common! than! the! associated! variant! (rs6732655),! may! occur! more! often! in!
!! !81"
association!with!one!of!the!alleles!of!the!common!variant! (rs6732655)!versus! its!other!
allele! (i.e.! the! rare! and! more! common! variant! have! a! common! haplotype);! thereby!
driving!a!‘synthetic!association’!that!is!attributed!to!the!common!variant143.!
!
Second,!our!genomeKwide!signal!at!PCDH7!may!represent!a!mutation!that!disrupts!the!
gene’s! proposed! function! as! a! mediator! of! regulators! of! other! molecules,! possibly!
leading!to!a!surge!in!neuronal!firing!in!epilepsy144.!NonKclustered!protocadherins!such!as!
PCDH19! have! previously! been! associated! with! femaleKlimited! epilepsy! with! cognitive!
impairment145!and!girls!with!infantileKonset!epilepsy146.!PCDH7!is!methylated!by!MECP2!
–! the! gene!harboring!mutations! that! cause!Rett! syndrome147! –! a! neurodevelopmental!
and! autistic! disease! predominantly! affecting! females! that! is! typically! comorbid! with!
epilepsy!in!the!early!stages!of!the!disease148.!Overall,!it!is!tempting!to!speculate!that!our!
female!epilepsy!cohort!(with!possible!earlyKonset!epilepsy)!may!largely!drive!the!PCDH7!
signal,!but!further!subKanalysis!is!required!before!such!a!conclusion!can!be!drawn.!!!
(
2.4.2.‘Idiopathic"generalised"epilepsy"patients"versus"controls’:"Meta"analysis"
results""
Results!of!our!‘IGE!vs.!controls’!subKanalysis!revealed!one!genomeKwide!significant!locus!
at!chromosome!2!(VRK2).!VRK2!has!been!reported!to!confer!risk!for!schizophrenia138!and!
haploinsufficiency! in! the! gene! has! been! associated! with! malformations! of! cortical!
development149.! Such! neurodevelopment! disruption! may! also! play! a! role! in! the!
development! of! generalized! epilepsy.! Indeed,! along! with! SCN1a,! the! VRK2! gene! has!
recently! been! identified! as! a! common! susceptibility! variant! for! genetic! generalized!
epilepsies!by!the!EPICURE!wing!of!our!ILAE!consortium43.!Accordingly,!at!least!part!of!the!
signal!for!this!gene!must!be!coming!from!the!EPICURE!cohort!(as!the!same!samples!were!
included!here).!While!figure!40!illustrates!that!EPICURE!is!certainly!one!of!the!strongest!
!! !82"
contributors! to!this!effect,!all!other!cohorts!contributed!to!the!signal!with!comparable!
effect!sizes.!Indeed,!after!reKrunning!our!metaKanalysis!without!the!EPICURE!cohort,!the!
top!SNP! from! their! study! (rs13026414)43! remained!nominally! significant! at!p=7x10K3! in!
our!study.!Therefore,!the!present!analysis!strengthens!EPICURE’s!proposition!that!VRK2!
is!a!risk!variant!for!generalized!forms!of!epilepsy.!!
!
2.4.3.LocalisationRrelated"epilepsy"patients"vs."healthy"controls:"MetaRanalysis"
results""
Our! fixedKeffects! metaKanalysis! on! eight! localisationKrelated! epilepsy! patient! groups!
versus!eight!healthy!control!groups!did!not!identify!any!genomeKwideKsignificant!signals.!
This!finding!is!consistent!with!a!previous!EPIGEN!investigation!of!focal!epilepsies118!that!
also! failed! to! identify! any!GWASKsignificant! signals! (the! samples! from! this! study!were!
also! included! as! part! of! the! present! metaKanalysis).! Despite! this! negative! result,! a!
suggestive!signal!was!observed!at!2q24.3!for!our!LRE!subgroup!(see!table!12).!This!‘LRE’!
signal! contained! SCN1a! and! was! in! high! LD! (r2! =! 0.85)! with! the! SCN1a! variant! that!
reached! genomeKwide! significance! in! our! ‘all! epilepsy’! analysis.! Notably,! this! 2q24.3!
variant! was! not! the! same! as! the! one! previously! reported! for! TLE! with! MTS119.! The!
variant! identified! by! that! study! (rs7587026)! was! not! significant! in! the! current! metaK
analysis!(p=0.01),!possibly!due!to!our!population!structure!(a!combination!of!Caucasian!
European,! African! and! HanKChinese! ancestries).! Further! analysis! of! more! specific! LRE!
subtypes! is!crucial!to!our!understanding!of!these!variants,!as!we!will!discuss! in!section!
2.4.4.!
(
2.4.4."Future"directions""
The! results! presented! in! the! current! chapter! constitute! the! single! largest! (in! terms! of!
patient! numbers)! collaborative! effort! by! the! epilepsy! genetics! research! community! to!
!! !83"
date.! They! underline! a! role! for! two! genetic! variants! in! a! broad,! phenotypically!mixed!
cohort!of!epilepsy!patients!and!a!role!for!one!additional!variant!in!idiopathic!generalised!
forms!of!the!disorder,!with!genotype!calls!for!these!variants!being!confirmed!by!a!series!
of!Sanger,!TaqMan!and!Kasper!KASP!genotyping!assays.!While!these!findings!show!great!
promise!for!future!diagnostic!and!therapeutic!interventions!in!the!disorder,!their!clinical!
utility!may!be! limited!by!our! study’s! broad!phenotypic! approach.! For! example,!SCN1a!
and! PCDH7! demonstrate! genomeKwide! signals! in! our! ‘all! epilepsy’! cohort,! but! this!
finding!may!be!of!little!practical!utility!to!the!clinical!geneticist!or!epileptologist!seeking!
specific,!common!variants!predisposing!to!specific,!common!epilepsies.!
!
In! order! to! address! this! important! limitation,! each! ILAE! subKconsortium! is! currently!
performing!a!series!of! ‘subphenotype’!analyses.!There!are!five!subphenotypes! in!total,!
representing! subgroups! of! the! ‘generalised’! and! ‘focal’! phenotypes.! They! comprise;!
(within! ‘focal’)! (i)! lesional! TLE! patients! versus! healthy! controls! (ii)! nonKlesional! TLE!
patients!versus!healthy!controls! (iii)!all!other!LRE!patients!versus!healthy!controls;!and!
(within! ‘generalised’)! (iv)! absence! epilepsies! versus! healthy! controls! and! (v)! juvenile!
myoclonic!epilepsies!versus!healthy!controls.!!
!
Several! new! collaborative! projects! are! also! emerging! from! the!work! presented! in! this!
chapter.!For!example,! the!Psychiatric!Genomics!Consortium!(a!group!with!similar!aims!
to! the! ILAE! consortium)! has! designed! a! ‘psychchip’! containing! variants! from! various!
neurodevelopmental!disorders!for!GWAS!and!sequencing!studies.!The! ILAE!consortium!
intends!to!nominate!a!number!of!our!top!SNPs!for!inclusion!on!this!chip.!Additionally,!as!
we!will!discuss!in!the!next!chapter,!our!group!aims!to!assess!potential!overlap!between!
the!ILAE!GWAS!meta!analysis!and!the!results!of!a!major!genomeKwide!association!study!
!! !84"
of! variants! contributing! towards! hippocampal! volume,! conducted! by! the! ENIGMA!
consortium!(of!which!EPIGEN!is!a!member).!!
"
2.4.5."Conclusion"""
This! meta! analysis! has! identified! two! GWASKsignificant! SNPs! at! chromosomes! 2q24!
(SCN1a!gene)!and!4p15!(PCDH7)!that!may!predispose!to!common!forms!of!epilepsy,! in!
addition! to! a! genomeKwide! significant! SNP! at! chromosomes! 2p16.1! (VRK2)! that! may!
increase! susceptibility! to! idiopathic! generalized! forms! of! epilepsy.! This! is! the! largest!
collaboration!of! its! kind! in! the!history!of! the!epilepsy!genetics! research!community.! It!
provides! the! strongest! evidence! to! date! that! common! susceptibility! variants! can! be!
identified!for!common!forms!of!epilepsy.!Although!the!immediate!clinical!implications!of!
these!results!may!be!limited,!they!are!a!crucial!first!step!towards!our!understanding!of!
epilepsy’s!genetic!architecture.!It!is!hoped!that!our!findings,!along!with!future!functional!
investigations!and!followKup!analyses!of!more!specific!clinical!subphenotypes,!will! lead!
to!clinically!pertinent!markers!of!prognosis!and!outcome!in!the!disorder.!!!
!
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3.1!Introduction"
"
Since! the! establishment! of! the! International! Consortium! for! Brain!Mapping! (ICBM)! in!
1995150,! several! international! neuroimaging! collectives! have! developed! normative!
techniques! for! collecting! large! amounts! of! MRI! brain! data! across! diverse! human!
populations151.! The! brain! measures! of! interest! to! these! groups! –! including! functional!
connectivity,!diffusionKbased!white!matter!organization!and!cortical/subcortical!volume!
–!have!all!demonstrated!a!substantial!genetic!basis,!with!family!members!showing!(for!
particular! brainKrelated! traits)! significantly! greater! similarities! to! one! another! than! to!
unrelated!participants! (see! Thompson,! 2014,! p.162! for! a! review151).! !Nonetheless,! the!
specific!genetic!variants! influencing!the!genetic!component!to!these!variations!in!brain!
structure!and!function!remain!largely!unknown.!!
!
Case:control!GWAS!of!neurological!conditions,!much!like!the!work!outlined!in!chapter!2,!
may!help!improve!our!understanding!of!the!specific!variants!influencing!brain!structure!
and! function.! For! example,! neuroscientists! can! stratify! patients! according! to! carrier!
status!(for!a!particular!risk!allele)!and!compare!MRI!data!of!carriers!versus!nonKcarriers,!
in!an!attempt!to!identify!morphological,!functional!or!connectional!differences!between!
the! two! groups.! This! approach! has! successfully! illustrated! a! role! for! common! genetic!
variants! within! the! ZNF804A! gene! in! schizophrenia! by! way! of! disrupted! neural!
connectivity152!and!shown!that!carriers!of!the!CLU!Alzheimer’s!Disease!(AD)!risk!variant!
show!marked!white!matter!changes!a!full!fifty!years!before!AD!usually!develops153.!
!
However,! an! alternative! approach! to! identify! variants! influencing! brain! structure! and!
function! is! to! conduct! GWAS! on! MR! images! directly! to! detect! significant! genetic!
associations151.! In! a! typical! ‘imaging! genetics’! study,! the! researcher! specifies! a! brain!
measure! (e.g.! cortical! thickness)! as! a! quantitative!phenotype! across! a! large! sample!of!
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genomeKwide!scanned!participants.!They!then!perform!logistic!regression!to!test!for!an!
association! between! the! additive! allelic! dosage! of! each! SNP! from! the! genomeKwide!
association! of! participants! (independent! variable)! and! the! phenotype! of! interest!
(dependent!variable).!!
!
One! of! the! first! wholeKgenome! association! studies! to! be! conducted! directly! on!
neuroimaging!data!was!completed!by!the!‘Alzheimer’s!Disease!Neuroimaging!Initiative’!
(ADNI)!group,!using!a!dataset!of!381!genotypes!and!imaging!phenotypes!on!Alzheimer’s!
patients154.! Potkin’s! group! reported! a! significant! association! between! variants! in! the!
TOMM40!gene!and!the!hippocampal!volume!of!Alzheimer’s!patients.!The!ADNI!dataset!
was!subsequently!made!publically!available,!leading!to!a!surge!of!over!100!genetics!and!
‘imaging! genetics’! findings,! including! identification! of! the! APOE," BIN1," CLU," CR1! and!
PICALM!genes!that!were!corroborated!by! imaging,! fluid!and!cognitive!phenotypes!(see!
Shen!et!al.155!for!a!review).!However,!the!large!sample!sizes!required!by!most!GWAS!in!
order! to!detect!weakKtoKmoderate!effects,!paired!with!the!relative!expense!of!a!single!
MRI! scan! (~€300K400)! prevented! most! research! groups! from! replicating! ADNIKbased!
findings! using! independent! cohorts! (although! some,! such! as! the! Paediatric,! Imaging,!
Neurocognition!and!Genetics!(PING)!study!of!278!participants,!proved!exceptions!to!the!
rule)156.!!!
!
In! order! to! address! this! sample! size! predicament,! several! research! groups! formed!
alliances.! For! example,! scientists! from! laboratories! at! UCLA,! Harvard,! MIT,! UC! San!
Francisco!and!Queensland!Institute!of!Medical!Research!‘pooled’!their!data! in!order!to!
discover! (and! subsequently! replicate)! variants! associated! with! caudate! volume157! and!
volume! of! the! lentiform! nucleus158.! In! 2009,! these! efforts! finally! culminated! in! the!
formation!of! the! ‘Enhancing!NeuroImaging!Genetics! through!MetaKAnalysis’! (ENIGMA)!
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consortium.!ENIGMA’s!main!goal!was!to!metaKanalyse!summary!statistics!from!genomeK
wide! scans! and!MRI!data! across!worldwide! sites.! Their! first! study,! dubbed! ‘ENIGMA1’!
and! published! in! 2012,! analysed! genomeKwide! SNPs! and! volumetric! hippocampal!
measures!across!17!cohorts!of!European!ancestry,!(n!=!5,770!healthy!subjects!and!2,020!
neurological! cases! including! epilepsy,! schizophrenia,! Alzheimer’s,! depression! and!
anxiety!patients)159.! I!analysed!samples! from!EPIGEN’s! Irish,!UK!and!Belgian!cohorts!as!
part! of! this! metaKanalysis.! ENIGMA1! revealed! an! association! between! the! intergenic!
variant!rs7294919!and!mean!bilateral!hippocampal!volume!(p!=!6.70!×!10−16).!The!study!
also! found!an!association!between! the!genotype!at! this! locus!and!expression! levels!of!
the!positional! candidate! gene!TESC"(a!positional! candidate! gene!expressed! throughout!
the! brain! during! development)159.! Additionally,! rs10784502,! located! within!HMGA2!
(which! encodes! the! ATKhook! 2! protein,! a! chromatinKassociated! protein! that! regulates!
stem!cell!renewal!during!development)!was!associated!with!intracranial!volume!(ICV,!p!=!
1.12! ×! 10−12).! Finally,! the! project! identified! a! suggestive! association! with! total! brain!
volume!at!rs10494373!within!DDR2,"which!encodes!a!receptor!tyrosine!kinase!involved!
in!cell!differentiation!and!cell!growth"(p!=!5.81!×!10−7).!
!
Expanding! upon! ENIGMA1’s! initial! findings,! the! ENIGMA2! project! explored! five!
subcortical! structures! in!a! sample!of!29,037!participants,! including! the! (i)!putamen! (ii)!
amygdala,! (iii)! caudate,! (iv)! pallidum! and! (v)! thalamus,! in! addition! to! performing!
renewed! investigations! of! hippocampal! volume,! intracranial! volume! and! global! head!
size.!Once!again,! I!analysed!samples! from!EPIGENKDublin,!EPIGENKLondon!and!EPIGENK
Brussels! as! part! of! this! metaKanalysis.! The! study! identified! a! series! of! novel! genetic!
variants! predisposing! towards! the! volumes! of! several! subcortical! structures! ! (this!
manuscript!is!currently!in!preparation!and,!as!a!result,!specific!details!are!not!presented!
here).!!
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!
Despite! the! traditional! assumption! that! epileptic! seizures! predominantly! arise! from!
cortical!foci,!recent!investigations!have!implicated!several!subcortical!regions!(including!
those!investigated!by!ENIGMA2)!in!the!epileptogenic!process!112.!For!example,!evidence!
from! cellular! neuroscience160,! PET! studies161! and! MRI162! has! suggested! that! the!
thalamus,! caudate,! putamen! and! other! parts! of! the! basal! ganglia! integrate! with! the!
cerebral! cortex! in! the! generation! of! the! generalised! spikeKwave! discharges! (GSW)!
typically! observed! in! absence! epilepsies.! Similarly,! the! global! pallidus! and! ventral!
pallidum! are! thought! to! have! a! modulatory! influence! on! absence! seizures! that! is!
mediated! via! the! subthalamic! nucleus! (STN)163.! Moreover,! projections! from! the!
amygdala! and! hippocampus! are! thought! to! mediate! the! spread! of! epileptogenic!
discharge! to! the! basal! ganglia! in! dyskinesiaKlike! temporal! lobe! seizures112.! Empirical!
support!for!the!role!of!the!anterior!thalamus!in!the!modulation!and!possible!initiation!of!
seizures!also!continues!to!emerge!from!rodent!models164K166.!!
!
In! this! context,! it! is! possible! that! certain! variants! influencing! subcortical! volume!
identified!from!the!ENIGMA2!project!may!also!play!a!role!in!epilepsy!predisposition.!In!
order!to!test!this!hypothesis,!the!present!chapter!will!extract!a!panel!of!SNPs!from!each!
ENIGMA2! reference! dataset! –! pruned! for! linkage! disequilibrium! and! ranked! based! on!
their! nominal!p! values! (for! association!with! relevant!brain! structures)! –! and!employ!a!
stepwise!algorithm!to!compare!the!statistical!significance!levels!of!these!SNPs!to!those!
of! a! second! panel! of! pruned,! ranked! SNPs! from! the! ILAE! meta! analysis! of! complex!
epilepsies! (see!chapter!2,! section!2.3! for!a!description!of! the! ILAE!GWAS! results).! This!
stepwise!statistical!algorithm,!referred!to!as!RankRRank"Hypergeometric"Overlap"(RRHO),"
was!originally!designed!by!Plaisier!et!al.167! in!order!to!compare!two! independent!highK
throughput!gene!expression!experiments!and!accordingly!describe!the!strength,!pattern!
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and!bounds!of!correlation!between!any!two!expression!profiles.!For!the!purposes!of!the!
present!study,!which!deals!with!genotype"data,!statistical!correlation!between!our!two!
studies! of! interest! will! not! be! guided! by! their! degrees! of! differential! expression,! but!
rather,! by! the! overall! strength! of! association! (p! value)! between! their! SNP! panels! and!
phenotypes!of!interest.!!
!
The! relationship! between! subcortical! volume! (examined! by! ENIGMA2)! and! epilepsy!
predisposition! (assessed!by!the! ILAE)!may!vary!depending!on!the!structure!of! interest.!
For!example,!reduced!grey!matter!volume!is!a!frequently!observed!feature!of!common!
epilepsies!within!the!(i)!hippocampus168,169,! (ii)!amygdala169,!(iii)!thalamus168,169,!and!(iv)!
putamen169.!Reductions!in!(v)!total!intracranial!volume!(ICV)!have!also!been!reported!in!
epilepsy170,171.! We! therefore! hypothesise! that! variants! associated! with! decreased!
volume! for! five! structures! studied! in! ENIGMA2!will! show! significant! statistical! overlap!
with! variants! influencing! greater! risk! of! epilepsy! emerging! from! the! ILAE! study.!
Conjointly,! we! hypothesise! that! ILAE! variants! associated! with! a! protective! effect! for!
epilepsy! will! demonstrate! significant! statistical! overlap! with! ENIGMA2! variants!
associated!with!increased!volume.!!
!
Both! increases172! and! decreases173K175! in! the! volumes! of! the! (v)! caudate! nucleus,! (vi)!
globus!pallidus!and!(vii)!nucleus!accumbens!have!been!reported!in!epilepsy.!Relative!to!
larger! structures! like! the! hippocampus! and! thalamus,!MRI! volumetry! has! been! poorly!
studied!in!these!regions.!We!will!therefore!adopt!a!twoKtailed!approach!to!the!overlap!
analysis! for! the! three! regions;! first,! testing! for! an! overlap! under! the! assumption! that!
ILAE! SNPs! associated! with! a! riskKconferring! effect! on! epilepsy! are! associated! with!
ENIGMA2! SNPs! of! volumeKreducing! effect! in! ENIGMA2.! Second,! we! will! reverse! the!
direction!of!effect!in!the!latter!results!set!(ENIGMA2)!and!test!for!an!overlap!under!the!
!! !91"
inverse! assumption! that! ILAE! SNPs!of! riskKconferring! effect! on! epilepsy! are! associated!
with!ENIGMA2!SNPs!of!volumeKincreasing!effect!in!ENIGMA2.!This!will!produce!a!pair!of!
hypergeometric! overlap!maps! for! each! structure! –! the! first,! ‘positive’!map! examining!
overlap!between!the!ILAE!and!ENIGMA2!variants!assigned!their!native!direction!of!effect!
and! the! second,! ‘negative’! map! assessing! overlap! between! the! ILAE! and! ENIGMA2!
variants!assigned!an!inverse!direction!of!effect.!
!
!
!
!
!
!
!
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!
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3.2!Methods"
3.2.1."Acquiring"the"ENIGMA2"reference"panel""
The! ENIGMA2! project! conglomerated! summary! statistics! on! genomeKwide! association!
data! from! 46! different! sites! on! a! total! sample! of! 29,037! participants! of! Caucasian!
European! ancestry! (25,639! healthy! participants! and! 3,398! patients,! including!
participants!diagnosed!with!Alzheimer’s!disease,!ADHD,!bipolar!disorder,!epilepsy,!major!
depression! and! schizophrenia).! All! genotype! data! were! imputed! to! a! modified!
‘European’! version! of! the! 1000!Genomes! Project! Phase! 1! Version! 3! (November! 2010)!
reference! dataset.! Summary! statistics! were! stored! on! a! secure! server! at! the! central!
ENIGMA! analysis! site,! located! at! the! Imaging! Genetics! Centre! (IGC),! University! of!
Southern! California! (USC),! Los! Angeles! ! (see!
http://enigma.ini.usc.edu/protocols/geneticsKprotocols/! for! further! details! of! the!
ENIGMA2!imputation!protocol).!The!modified!EUR!1000G!reference!panel!and!ENIGMA2!
summary!statistics!were!acquired!and!analysed!on!site!at!the!IGC!as!part!of!an!overseas!
PhD!placement.!!
"
3.2.2."Extracting"a"pruned"set"of"overlapping"SNPs"from"ENIGMA2"and"ILAE""
First,! in!order! to!homogenize! the!panel!of! SNPs!being! compared! in! the!ENIGMA2!and!
ILAE!datasets,!we!used!PLINK!to!extract!the!list!of!5,968,226!SNPs!included!in!the!ILAE’s!
‘all!epilepsy’!metaKanalysis!from!the!ENIGMA2!reference!panel!–!leaving!us!with!the!set!
of! SNPs! that! overlapped!between! the! two!datasets.! This! reduced! ENIGMA2! reference!
panel!was!then!pruned!for! linkage!disequilibrium!(LD)!using!the!PLINK! ‘indepKpairwise’!
command,! which! considered! a! sliding! window! of! 200! SNPs,! calculating! pairwise!
relatedness!between!each!pair!of!SNPs!within!this!window,!removing!one!of!this!pair!of!
SNPs!if!they!were!in!LD!(as!measured!by!r2)!greater!than!0.25,!and!shifting!the!window!
by! 5! SNPs! at! each! step.! This! left! us! with! a! LDKpruned! ENIGMA2! reference! panel!
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containing!172,571!SNPs! in!common!with!the!ILAE!panel.!Using!GREP!(an! inKbuilt!UNIX!
command),!we!extracted! information!on! these!SNPs! from!our! ILAE! results! set!and! the!
eight! sets! of! ENIGMA2! results,! i.e.;! (i)! nucleus! accumbens,! (ii)! amygdala,! (iii)! caudate!
nucleus,! (iv)!hippocampus,! (v)!pallidum,! (vi)!putamen,! (vii)! thalamus!and! (viii)! ICV.!The!
number!of! SNPs! in! each! results! table! following! extraction!of! LDKpruned! SNPs! listed! in!
table!17!below:!
!
Table(17:(Number(of(ILAE(/(ENIGMA2(SNPs(before(and(after(pruning(
Results(set( Initial(number(of(SNPs( Pruned(number(of(SNPs(
ILAE!‘all!epilepsy’!! 5,968,226! 172,571!
ENIGMA2!hippocampus! 8,477,093! 172,042!
ENIGMA2!accumbens! 8,472,945! 171,989!
ENIGMA2!amygdala! 8,454,366! 172,058!
ENIGMA2!caudate! 8,477,822! 172,041!
ENIGMA2!pallidum! 8,470,283! 171,980!
ENIGMA2!putamen! 8,398,367! 170,339!
ENIGMA2!thalamus! 8,158,344! 165,365!
ENIGMA2!intracranial!volume! 8,643,772! 172,135!
Table" legend:" After" processing" &" quality" control" in" FreeSurfer," some" participants" demonstrated" signs" of" poor"
subcortical" segmentation." All" participants" with" poorly" segmented" structures" were" removed" from" that" structure’s"
association"analysis."As"illustrated"in"this"table,"certain"structures"(i.e."thalamus)"were,"on"average,"more"inaccurately"
reconstructed"compared"to"others"(i.e."the"hippocampus)."This"led"to"a"decrease"in"the"number"of"participants,"and,"
consequently,"number"of"SNPs"analysed"as"part"of"that"structure’s"GWAS.""
"
"
3.2.3."Preparing"pruned"results"for"stepwise"comparison""""
In! order! to! prepare! our! pruned! ENIGMA2! and! ILAE! results! for! ranked! overlap!
comparison,!we!crossKreferenced! the! first!allele! (A,!T,!G!or!C)! for!all! SNPs!within!each!
respective!results!table!–!reversing!the!sign!of!any!SNP!that!differed!in!the!ILAE!dataset!
from!the!ENIGMA2!dataset.!Using!R,!the!p!values!of!all!SNPs!in!the!ENIGMA2!and!ILAE!
results! were! then! transformed! to! log10! values! and! multiplied! by! the! sign! of! their!
respective! effect! sizes.! Finally,! our! ILAE! results! were! paired! with! the! eight! ENIGMA2!
results!and!fed!into!a!‘rankKrank!hypergeometric!overlap!(RRHO)’!algorithm.!!
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3.2.4."RankRrank"hypergeometric"overlap"(RRHO)"
We! employed! a! modified! version! of! RRHO,! developed! by! Jason! Stein! and! Jonathan!
Rosenblatt!of!UCLA,!in!order!to!assess!statistical!correlation!between!ILAE!and!ENIGMA!
datasets.! The! modified! algorithm,! available! as! an! R! package!
(http://www.bioconductor.org/packages/release/bioc/html/RRHO.html)! was! designed!
to! iterate! through! two! lists! of! SNPs/genes,! ranked! by! their! signed! log10! p! values,! and!
output! a! graphic! map! depicting! the! strength,! pattern! and! bounds! of! correlation!
between! the! two! datasets167.! The!method! calculates! a! hypergeometric!pKvalue! for! all!
possible!threshold!pairs,!generating!a!heat!map!wherein!the!regions!of!most!statistically!
significant! correlation!are!assigned!either! to! the!bottom! left! corner! (high! rank! in!both!
experiments)!or!top!right!corner!(low!rank!in!both!experiments)!of!this!map.!
!
Figure(42:(Three(examples(of(an(RRHO(heat(map.(
Maps" illustrate" (A)" strong" statistical" correlation," (B)" medium" statistical" correlation" and" (C)" weak" statistical" correlation"
between"two"experiments."HighestGranking"SNPs" (e.g." rank"1" in" ILAE"and"1" in"ENIGMA2)"are"assigned"to" the"bottomGleft"
corner"of"this"heat"map;"lowestGranking"SNPs"(e.g."rank"172,000"in"ILAE"and"172,000"in"ENIGMA2)"are"assigned"to"the"top"
right."HigherGranking"SNPs"in"one"experiment,"but"not"the"other,"are"assigned"to"either"the"top"left"or"bottom"right"corners."
All"pixels" in"the"heatGmap"are"colourGcoded"based"on"their"hypergeometric"p"values;"higher"values"(in"red)"represent"the"
greatest" statistical" correlations" between" p" values" than" expected" by" chance" (i.e." greater" overGenrichment);" lower" values"
(yellow)"represent"a"lower"degree"of"overGenrichment"between"SNPs;"lowest"values"(blue)"represent"no"(or"very"little)"overG
enrichment."SNPs"that"overlap"significantly" less"than"expected"by"chance"(i.e."underGenrichment)"are"not"depicted"due"to"
limitations"in"the"current"‘beta’"version"of"the"RRHO"package.""Image"adapted"from"Plaisier"et"al.,"2010167."
!
The!RRHO!algorithm!also!outputs! a! rankKrank! scatter! image,! plotting! variants! by! their!
directionKsigned!(up!=!positive!effect;!down!=!negative!effect),!log10!transformed!tKtest!
p! values! from! each! experiment.! Variants! exerting! the! same! direction! of! effect! are!
plotted!in!Cartesian!quadrants!I!and!III;!those!exerting!effects!in!the!opposite!direction!
A! B! C!
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are! plotted! in! quadrants! II! and! IV.! Higher! density! of! variants! clustering! around! the!
diagonal!signifies!a!greater!degree!of!statistical!correlation!between!two!experiments:!!
!
Figure(43:(Three(examples(of(a(rank0rank(scatter(plot.(
Plots! illustrate! (A)! strong! statistical! correlation,! (B)! medium! statistical! correlation! and! (C)! weak! statistical! correlation! between! two!
experiments.!Variants!from!both!experiments!exerting!the!same!direction!of!effect!on!their!phenotype!of!interest!are!assigned!to!Cartesian!
quadrants!I!and!III;!variants!of!opposite!effect!are!assigned!to!quadrants!II!and!IV.!Image!adapted!from!Plaisier!et!al.,!2010167.!
!
We!employed!the!modified!RRHO!algorithm!using!R!v3.1.0!on!a!2.7GHz!iMac!(8GB!RAM,!
OSX!Mavericks)!in!order!to!assess!overlap!between!our!ILAE!and!ENIGMA2!results.!RRHO!
was!executed!in!six!discrete!phases:!
!
First,! SNPs! from!our! respective! ILAE! and!ENIGMA2! results! lists!were! sorted!by! their! –
log10!rankings;!placing!the!most!significant!SNPs!at!the!top!(rank!1)!and!least!significant!
at!the!bottom!(rank!N).!!
Second,! SNPs! that!were! common! to! both! results! lists!were! preserved,!while! all! other!
SNPs!were!removed.!!
Third,! this! list!of! common!SNPs!was!used! to!create!a! rankKbased!scatter!plot!whereby!
strongly! and! significantly! overlapping! SNPs! could! be! observed! along! the! regression! fit!
(diagonal).!Each!rankKrank!scatter!plot!was!given!a!Spearman!rank!correlation!coefficient!
(ρ,"or" rho)! indicating! the!degree!of!overall! statistical! correlation!between!datasets.!An!
rho! value! of! 1! would! indicate! that! all! genetic! variants! in! Experiment! 1! (ILAE)! were!
monotonically!related!to!those!in!Experiment!2.!An!rho!of!0!would!indicate!no!statistical!
correlation!between! any!of! the! SNPs! in! the! two!experiments.! Although! this! rankKrank!
A! B! C!
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scatter! plot! and! correlation! coefficient! offer! an! initial! ‘overview’! of! overall! statistical!
correlation! between! all! SNPs! in! both! experiments,! they! overlook! weaker! and! more!
isolated!(albeit!still!statistically!significant)!signals!in!common!between!datasets.!!
!
Therefore,!in!our!fourth!step,!we!used!RRHO!to!generate!a!new!directionKsigned,!log10K
transformed!‘hypergeometric’!p!value!for!each!SNP.!If!this!hypergeometric!pKvalue!was!
negative! (<0),! it! signified! that! this! SNP!was!underKenriched! (in! other!words,! statistical!
overlap! for! this! SNP!was! significantly! less! than! expected! by! chance! in! both! datasets).!
Conversely,! if! the!hypergeometric" pRvalue"was!positive! (typically,!with!a! value!above! K
log10! 1x10K2),! this! indicated! that! the! SNP!was! overKenriched! in! both! datasets! (i.e.! the!
statistical!correlation!was!significantly!greater! than!expected!by!chance! in!both!results!
lists).!!
!
Fifth,! hypergeometric!pKvalues! for! all! ~170,000! SNPs!were! transformed! into! a!matrix.!
Generation!of!this!matrix!of!hypergeometric!pKvalues!was!the!most!timeKconsuming!and!
memoryKintensive! component! of! RRHO.! The! algorithm! allowed! us! to! set! a! ‘step! size’,!
determining! the! number! of! SNPs! to! consider! (and! hence! the! number! of! p! values! to!
transform).! Step! size! was! inversely! correlated! with! the! resolution! of! the! resultant! pK
matrix;!a!lower!step!size!(e.g.!200!SNPs)!could!therefore!take!~24K48!hours!to!produce!a!
smooth!and!detailed!pKvalue!matrix,!whereas!a!step!size!of!20,000!would!generate!a!less!
populated,!more!granular!matrix!within!4K5!minutes.!We!chose!to!implement!a!step!size!
of! 2,000! to! produce! a! reasonably! detailed! matrix! taking! 1K2! hours! to! complete! per!
comparison.!!
!
Sixth,! the! hypergeometric! pKvalue! matrix! was! illustrated! as! a! heat! map.! Each! SNP!
(represented! as! a! pixel)!was! assigned! a! set! of! x! and! y! coordinates.! The! value! of! each!
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pixel!represented!the!overlap!between!genes!with!ranks!1!to!‘x’!in!ENIGMA2!and!ranks!1!
to! ‘y’! in! the! ILAE!GWAS.! The! top! right! corner! of! the! heat!map! therefore! represented!
SNPs!of!rank!N,!N!(N!here!stands!for!the!lowest!rank!value,!e.g.!‘rank!170,000,!170,000),!
whereas!the!bottom!left!corner!illustrates!SNPs!with!rank!1,1!(i.e.!the!topKranked!SNPs!
with! the! strongest! signal! in! both! datasets).! ! Each! SNP’s! hypergeometric! pKvalue! was!
colour! coded! in! order! to! signify! whether! the! overlap! for! this! SNP! was! greater! than!
expected!by!chance!(i.e.!overKenriched;!depicted!in!red)!or!random!(blue).!Accordingly!–
clusters!of!overKenriched!SNPs!with!exerting!highly!significant!effects!on!their!phenotype!
of!interest!(epilepsy!risk!for!ILAE!and!subcortical!volume!for!ENIGMA)!were!depicted!in!
red/yellow! in! the!bottom! left! corner!of! the!heat!map,!whereas!overKenriched!SNPs!of!
relatively!weak! effect! on! their! phenotype! of! interest!were! illustrated! in! red/yellow! in!
the!top!right!corner.!SNPs!whose!statistical!significances!did!not!overlap!any!greater!or!
less! than! chance! were! coloured! in! blue.! UnderKenriched! SNPs! that! overlapped!
significantly! less! than! expected! were! assigned! negative! hypergeometric! p! values! and!
summarised!using!Venn!diagrams,!but!these!were!not!illustrated!on!the!heat!map!due!to!
a!limitation!in!the!current!‘beta’!version!of!the!RRHO!R!package.!
!
3.2.5."Multiple"hypothesis"corrections"
The!RRHO!method!calculates!N2!tests,!where!N!signifies!the!number!of!variants!that!are!
common! between! the! ILAE! and! ENIGMA2! datasets.! There! are! approximately! 170,000!
variants! in! common! between! the! ILAE! and! ENIGMA2! K! requiring! the! algorithm! to! run!
~170,000*170,000! tests! in! order! to! calculate! a! hypergeometric! overlap! matrix.!!
Assessing!overlap!between!the!top!100!SNPs!in!both!datasets! is!not! independent!from!
assessing!overlap! in!the!top!200!SNPs,!because!overlap! information! is!shared!between!
the!two!tests.!!
!
!! !98"
We!employed!two!independent!methods!to!correct!for!this!multiple!hypothesis!testing!
issue.! The! first,! known!as! the!Benjamini! and!Yekutieli! (BKY)!method,! is! a! form!of! false!
discovery!rate!(FDR)!tailored!to!RRHO!overlap!matrices,!limiting!the!expected!proportion!
of!false!positive!findings!across!our!hypergeometric!overlap!map167.!The!BKYKbased!FDR!
correction!method! implemented! as! part! of! our! modified! RRHO! package! employs! the!
following!mathematical!formula!to!our!list!of!hypergeometric!p!values!
!
FDRoverlapping!SNP!list!
!
where! kexpected! is! the! number! of! observed,! statistically! correlated! SNPs,! kexpected! =! (s! x!
M/N),!s!and!M!are!the!top!rank!thresholds!and!N!is!the!number!of!SNPs!considered!(e.g.!
170,000).!As!this!BKY!correction!is!a!computationally!efficient!process,!it!was!integrated!
into!the!RRHO!algorithm!by!default.!All! rankKrank!hypergeometric!heat!maps!and!rank!
scatter!plots!presented! in!section!3.3!are!accordingly!FDRKcorrected!for!false!discovery!
rate!using!the!BKY!method.!!
!
BKY! correction! is! considered!a! relatively! lenient!method! compared! to!more! traditional!
familyKwise! error! (FWE)! approaches167.! Therefore,! we! conducted! a! second,! more!
stringent,! permutationKbased! postKhoc! correction! method! to! assess! the! overall!
significance! of! our! hypergeometric! overlap! map.! This! was! achieved! by! executing! the!
pvalRRHO! function! in! the! RRHO!R! package! (Rosenblatt! and! Stein,! 2014).! The! function!
randomly!reassigned!the!labels!assigned!to!each!of!our!samples,!reKcalculating!the!rank!
list! of! variants! whilst! preserving! variantKvariant! correlations! and! providing! us! with! an!
estimated!FWEKcorrected!pKvalue!aggregate!indicating!how!unlikely!an!overlap!could!be!
detected!by!chance167!(lower!p!values!indicating!less!likelihood!of!a!chance!detection).!!
!
!! !99"
3.3!Results"
3.3.1."FDRRcorrected"results:"ENIGMA2"(hippocampus)"and"ILAE"(all"epilepsies)""
RRHO!revealed!an!FDRKcorrected!statistical!overKenrichment!between!3,244!SNPs!in!the!
ILAE!and!ENIGMA2Khippocampus!results.!A!further!9,435!overlapping!SNPs!were!found!
to! be! underKenriched! (i.e.! their! degree! of! statistical! correlation! was! significantly! less!
than! expected! by! chance).! The! maximum! Klog10! transformed,! FDRKcorrected!
hypergeometric!pKvalue!in!our!hypergeometric!matrix!was!p=5x10K4.!The!Spearman’s!rho!
value,! representing! the! overall! correlation! between! all! SNPs! in! each! dataset,! was!
0.00387!(suggesting!a!very!weak,!positive!correlation!overall).!!!
!
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Figure(44:(RRHO(results((ILAE(~(ENIGMA0Hippocampus)(
"Top:"Venn"Diagram"illustrating"partialGtoGmoderate"overlap"between"underGenriched"SNPs"(on"the" left"–" labelled"here"as"
‘downGregulated’)" and" partialGtoGmoderate" overlap" between" overGenriched" SNPs" (on" the" right" –" labelled" here" as" ‘upG
regulated’)" in" the" ILAE" and" ENIGMAGHIPPOCAMPUS" results" datasets."Middle:" RankGrank" scatter" plots" indicating" an" even"
spread"of"overlap"between"strongly"and"weakly"associated"SNPs"in"ILAE"and"ENIGMAGhippocampus"(no"particular"clustering"
pattern"can"be"observed"along"the"diagonal)."Bottom:"A"rankGrank"hypergeometric"overlap"(RHHO)"heat"map"depicting"an"
enriched" overlap" region" (red/yellow)" between" SNPs" of" mediumGtoGhigh" signal" strength" (bottom" left)" in" the" ILAE" and"
ENIGMA2"results" sets."Currently," the"RRHO"R"package"only" illustrates"overGenrichment" in" the"hypergeometric"heat"map."
Therefore,"underGenriched"SNPs"(of"negative"hypoergeometric"log10"p"value)"are"not"illustrated.""
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3.3.2."FDRRcorrected"results:"ENIGMA2"(accumbens)"and"ILAE"(all"epilepsies)""
RRHO! revealed! an! FDRKcorrected! statistical! correlation! between! 10,869! SNPs! (7,460!
underKenriched;!3,409!overKenriched)!in!the!ILAE!and!ENIGMA2KAccumbens!results!sets,!
under! the! assumption! that! positive! (riskKconferring)! ILAE! SNPs! were! associated! with!
positive! (volumeKreducing)! ILAE! SNPs.! When! testing! the! alternative! hypothesis! that!
positive! (riskKconferring)! ILAE! SNPs!were! associated!with! negative! (volumeKincreasing)!
ENIGMA2KAccumbens! SNPs,! we! found! a! statistical! correlation! between! 12,261! SNPs!
(5,757! overKenriched;! 6,504! underKenriched).! The! lowest! hypergeometric! pKvalue!
(representing! the! strongest! degree! of! overKenrichment! between! SNPs)! was! 1x10K3,!
whereas!the!Spearman’s!rho!value!(representing!overall!degree!of!statistical!correlation!
between!all!SNPs)!was!0.0004,!indicating!a!very!weak,!positive!overall!correlation.!!
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Figure(45:(RRHO(results((ILAE(~(ENIGMA0Accumbens)((
Top:"Venn"Diagrams"illustrating"(A)"weak"overlap"between"ILAE"and"ENIGMA2GAccumbens"SNPs"(native"direction"of"effect,"
i.e." ‘ENIGMA2Gpositive’),"and"(B)"moderate"overlap"between"ILAE"and"ENIGMA2GAccumbens"SNPs"(direction"of"effect"has"
been"multiplied"by"G1,"i.e."‘ENIGMA2GAccumbens"G"negative’)."Middle:"RankGrank"scatter"plots"indicating"an"even"spread"of"
overlap"between"strongly"and"weakly"associated"SNPs"in"ILAE"and"ENIGMAGAccumbens"(no"particular"clustering"pattern"can"
be" observed" along" the" diagonal)." Bottom:" RRHO" heat" maps" depicting" (E)" weak" overlap" between" ILAE" and" ENIGMA2G
accumbens" SNPs" (native" direction"of" effect)" and" (F)"weakGtoGmoderate"overlap"between" ILAE" and" ENIGMA2Gaccumbens"
results"(flipped"direction"of"effect).""
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3.3.3."FDRRcorrected"results:"ENIGMA2"(amygdala)"and"ILAE"(all"epilepsies)"
RRHO! revealed! a! statistically! overKenriched,! FDRKcorrected! overlap! pattern! between!
33,559!SNPs!in!the!ILAE!and!ENIGMA2KAmygdala!results!lists.!A!further!671!overlapping!
SNPs! showed! a! ‘downKregulated’! or! underKenriched! statistical! overlap.! The! rankKrank!
overlap! summary! statistic! for! this! comparison! was! 1x10K3.! The! lowest! FDRKcorrected!
hypergeometric! pKvalue! (representing! the! strongest! degree! of! overKenrichment!
between!SNPs)!was!1x10K3,!while!the!Spearman’s!rho!value!representing!overall!degree!
of!statistical!correlation!between!all!SNPs!was!K0.002!(suggesting!a!very!weak,!negative!
overall!correlation).!
!
!
!
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
Figure(46:(RRHO(results((ILAE(~(ENIGMA0Amygdala)(
Top:"Venn"Diagram" illustrating"partialGtoGmoderate"overlap"between"underGenriched"SNPs" (on" the" left"–" labelled"here"as"
‘downGregulated’)" and" partialGtoGmoderate" overlap" between" overGenriched" SNPs" (on" the" right" –" labelled" here" as" ‘upG
regulated’)"in"the"ILAE"and"ENIGMAGAmygdala"results"datasets."Middle:"RankGrank"scatter"plot"indicating"an"even"spread"of"
overlap"between"strongly"and"weakly"associated"SNPs"in"ILAE"and"ENIGMAGAmygdala"(no"particular"clustering"pattern"can"
be" observed" along" the" diagonal)." Bottom:"A" rankGrank" hypergeometric" overlap" (RHHO)" heat"map" depicting" an" enriched"
overlap"region"(red/yellow)"between"SNPs"of"low"ranking"(top"right)"in"the"ILAE"and"ENIGMA2GAmygdala"results"sets.""
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"
3.3.4."FDRRcorrected"results:"ENIGMA2"(caudate)"and"ILAE"(all"epilepsies)""
We!ran!a!twoKtailed!test!for!overlap!in!the!ILAE!and!ENIGMA2KCaudate!results!lists.!First,!
we! assumed! an! association! between! negative! ILAE! SNPs! and! negative! ENIGMA2K
Caudate! SNPs! (and! an! accordant! overlap! between! positive! ILAE! SNPs! and! positive!
ENIGMA2!SNPs).!This!revealed!a!statistical!overKenrichment!for!338!SNPs,!in!addition!to!
a!statistical!underKenrichment!for!a!further!1,681!SNPs.!Second,!we!assumed!an!inverse!
association!between!positive!and!negative!SNPs!in!both!datasets,!reversing!the!direction!
of! effect! in! the! ENIGMA2! results! before! performing! RRHO.! This! revealed! an! overK
enrichment!for!555!SNPs!and!an!underKenrichment!for!a!further!7,765!SNPs.!The!lowest!
hypergeometric!p!value!for!these!comparisons!was!1x10K2,!whereas!the!overall!degree!of!
overlap!between!all!SNPs!considered!(Spearman’s!rho)!was!0.001.!!
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Figure(47:(RRHO(results((ILAE(~(ENIGMA0Caudate)(
Top:"Venn"Diagrams"illustrating"(A)"weak"overlap"between"ILAE"and"ENIGMA2GCaudate"SNPs"(native"direction"of"effect,"i.e."
‘ENIGMA2Gpositive’)," and" (B)"moderate"overlap"between" ILAE"and"ENIGMA2GCaudate" SNPs" (direction"of" effect"has"been"
multiplied"by"G1,"i.e."‘ENIGMA2GCaudate"G"negative’)."Middle:"RankGrank"scatter"plots"indicating"an"even"spread"of"overlap"
between" strongly" and" weakly" associated" SNPs" in" ILAE" and" ENIGMAGCaudate" (no" particular" clustering" pattern" can" be"
observed"along"the"diagonal)."Bottom:"RRHO"heat"maps"depicting"(E)"weak"overlap"between"ILAE/ENIGMA2GCaudate"SNPs"
(native"direction"of"effect)"and"(F)"weak"overlap"between"ILAE"and"ENIGMA2GCaudate"results"(flipped"direction"of"effect).""
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3.3.5.FDRRcorrected"results:"ENIGMA2"(ICV)"and"ILAE"(all"epilepsies)"
Following!FDR!correction,!RRHO!revealed!an!overKenrichment!between!20,597!SNPs! in!
the!ILAE!and!ENIGMA2KICV!results.!Statistical!correlation!between!an!additional!19,191!
SNPs!was!found!to!be!significantly! less!than!expected!by!chance!(underKenriched).!The!
lowest! hypergeometric! p! value! for! this! comparison! was! 1x10K4.! Overall! statistical!
correlation!between!all!SNPs!under!consideration!was!rho=0.006.!!
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Figure(48:(RRHO(results((ILAE(~(ENIGMA0ICV)(
Top:" Venn" Diagram" illustrating"moderate" overlap" between" underGenriched" SNPs" (on" the" left" –" labelled" here" as" ‘downG
regulated’)"and"moderate"overlap"between"overGenriched"SNPs"(on"the"right"–"labelled"here"as"‘upGregulated’)"in"the"ILAE"
and"ENIGMAGICV" results"datasets."Middle:"RankGrank" scatter"plot" indicating"an"even"spread"of"overlap"between"strongly"
and"weakly"associated"SNPs"in"ILAE"and"ENIGMAGICV"(no"particular"clustering"pattern"can"be"observed"along"the"diagonal)."
Bottom:"A"rankGrank"hypergeometric"overlap"(RHHO)"heat"map"depicting"an"enriched"overlap"region"(red/yellow)"between"
SNPs"of"middle"ranking"(centre"of"map)"in"the"ILAE"and"ENIGMA2GICV"results"sets.""
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3.3.6."FDRRcorrected"results:"ENIGMA2"(pallidum)"and"ILAE"(all"epilepsies)"
RRHO! revealed!a! significant! FDRKcorrected!overlap!between!2,699! SNPs! (2,593!underK
enriched;! 106! overKenriched)! in! the! ILAE! and! ENIGMA2KPALLIDUM! results! when! we!
assumed!a!tentative!association!between!smaller!pallidum!volume!and!risk!of!epilepsy.!
However,! when! we! considered! the! alternative! hypothesis! that! risk! of! epilepsy! is!
associated! with! increased! pallidum! volume,! we! found! a! significant! statistical! overlap!
between! 22,873! SNPs! (8,618! underKenriched;! 14,255! overKenriched)! in! the! ILAE! and!
ENIGMA2!datasets.!The!optimal!hypergeometric!p!value!decreased!from!1x10K2!to!1x10K3!
after! reversing! the! direction! of! effect.!Overall! degree! of! correlation! between! all! SNPs!
considered!was!very!weak!(rho=0.003).!
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Figure(49:(RRHO(results((ILAE(~(ENIGMA0Pallidum)(
Top:!Venn!Diagrams! illustrating! (A)!weak!overlap!between! ILAE!and!ENIGMA2KPallidum!SNPs! (native!direction!of! effect,! i.e.! ‘ENIGMA2K
positive’),! and! (B)! moderate! overlap! between! ILAE! and! ENIGMA2KPallidum! SNPs! (direction! of! effect! has! been! multiplied! by! K1,! i.e.!
‘ENIGMA2Knegative’).!Middle:!RankKrank!scatter!plots!indicating!an!even!spread!of!overlap!between!strongly!and!weakly!associated!SNPs!in!
ILAE!and!ENIGMAKpallidum!(no!particular!clustering!pattern!can!be!observed!along!the!diagonal).!Bottom:!RRHO!heat!maps!depicting!(E)!
very!weak!overlap!between!ILAE!and!ENIGMA2Kpallidum!SNPs!(native!direction!of!effect)!and!(F)!weakKtoKmoderate!overlap!between!ILAE!
and!ENIGMA2Kpallidum!results!(flipped!direction!of!effect).!!!
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3.3.7."FDRRcorrected"results:"ENIGMA2"(putamen)"and"ILAE"(all"epilepsies)"
After! correcting! for! FDR,! RRHO! revealed! a! statistical! correlation! between! 3,415! SNPs!
(666!underKenriched;! 2,749!overKenriched)! in! the! ILAE!and!ENIGMA2KPutamen! results.!
The!optimal!hypergeometric!p!value! for! this!comparison!was!1x10K4.!Overall!degree!of!
statistical!correlation!between!all!SNPs!considered!was!very!weak!(rho=0.004).!!
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Figure(50:(RRHO(results((ILAE(~(ENIGMA0Putamen)(
Top:" Venn" Diagram" illustrating" weak" overlap" between" underGenriched" SNPs" (on" the" left" –" labelled" here" as" ‘downG
regulated’)"and"partialGtoGmoderate"overlap"between"overGenriched"SNPs"(on"the"right"–"labelled"here"as"‘upGregulated’)"in"
the" ILAE" and" ENIGMAGPutamen" results" datasets." Middle:" RankGrank" scatter" plots" indicating" an" even" spread" of" overlap"
between" strongly" and" weakly" associated" SNPs" in" ILAE" and" ENIGMAGPutamen" (no" particular" clustering" pattern" can" be"
observed" along" the" diagonal)." Bottom:" A" rankGrank" hypergeometric" overlap" (RHHO)" heat" map" depicting" an" enriched"
overlap"region" (red/yellow)"between"SNPs"of" low"ranking" in" the" ILAE"dataset"but"high"ranking" in" the"ENIGMA2GPutamen"
dataset"(top"left).""
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3.3.8."FDRRcorrected"results:"ENIGMA2"(thalamus)"and"ILAE"(all"epilepsies)"
RRHO! revealed! an! FDRKcorrected! overlap! between! 8,586! overKenriched! SNPs! and! 13!
underKenriched!SNPs! in! the! ILAE!and!ENIGMA2KThalamus!results!datasets.! !The! lowest!
hypergeometric! p! value! for! this! comparison! was! 4x10K3.! An! rho! value! of! 0.0039!
suggested!very!weak!overall!overlap!between!all!SNPs!in!ILAE!and!ENIGMA2.!!
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Figure(51:(RRHO(results((ILAE(~(ENIGMA0Thalamus)(
Top:" Venn" Diagram" illustrating" very"weak" overlap" between" underGenriched" SNPs" (on" the" left" –" labelled" here" as" ‘downG
regulated’)"and"partialGtoGmoderate"overlap"between"overGenriched"SNPs"(on"the"right"–"labelled"here"as"‘upGregulated’)"in"
the"ILAE"and"ENIGMAGThalamus"results"lists."Middle:"RankGrank"scatter"plots"indicating"an"even"spread"of"overlap"between"
strongly"and"weakly"associated"SNPs"in"ILAE"and"ENIGMAGThalamus"(no"particular"clustering"pattern"can"be"observed"along"
the"diagonal)."Bottom:"An"RHHO"heat"map"depicting"an"enriched"overlap"region"(red/yellow)"between"SNPs"of"highGtoGmid"
ranking"(centre"of"map,"veering"towards"the"bottom"left)"in"the"ILAE"and"ENIGMA2"results"sets.""
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3.3.9."FDRRcorrected"statistical"correlation:"Summary"of"results"
Using! RRHO,! we! observed! varying! degrees! of! FDRKcorrected! statistical! correlations!
between! the! results! of! our! ILAE!GWAS!metaKanalysis! and!eight! ENIGMA2! results! sets.!
Overall! degree! of! correlation! between! all! SNPs! considered! in! the! two! experiments!
(indicated! by! Spearman’s! rho)! was! very! low.! However,! isolated! ‘clusters’! of! SNPs!
appeared! to! show! statistical! overK! and/or! underKenrichment.! The! most! populated!
correlation!clusters!(in!terms!of!their!numbers!of!SNPs)!were!revealed!for!the!amygdala!
(driven! mostly! by! overKenriched! SNPs),! intracranial! volume! (driven! in! equal! parts! by!
overK!and!underKenriched!SNPs)!and!the!pallidum!(driven!by!a!mix!of!overK!and!underK
enriched!SNPs!when!the!direction!of!effect!for!pallidum!SNPs!was!reversed).!A!sizeable!
number!of!variants!predisposing!to!thalamus,!accumbens!and!hippocampal!volume!also!
statistically!correlated!with!ILAE!variants!significantly!more!often!than!expected:!
!
!
Figure(52:(Clustered(bar(chart(plotting(the(number(of(overlapping(SNPs((X(axis)(against(the(ENIGMA2(structure(of(interest((Y(axis).((
For"some"structures,"the"number"of"overlapping"SNPs"is"illustrated"twice:"first,"when"we"assumed"an"association"between"
positive" SNPs" (ILAE)" and" positive" SNPs" (ENIGMA2)" –" labelled" ‘native’;" and" second," when" we" assumed" an" association"
between"positive"SNPs"(ILAE)"and"negative"SNPs"(ENIGMA2)"–"labelled"‘reverse’.""
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3.3.10."PostRhoc"FWE"correction"
!In!order!to!test!the!probability!that!our!FDRKcorrected!clusters!of!statistically!correlated!
SNPs!did!not!simply!reflect!falseKpositive!noise!within!the!data,!we!performed!a!second,!
more!stringent,!permutationKbased!FWE!correction!on!all!comparisons.!FWE!correction!
revealed!that!only!two!of!the!eight!ENIGMA!structures!of!interest!(the!hippocampus!and!
the!putamen)!showed!evidence!of!statistical!correlation!with!ILAE!results!that!could!not!
otherwise!be!explained!as!a!‘false!positive’!(FDR!corrected!aggregate!hypergeometric!p!
value! <0.05).! Results! for! the! other! six! ENIGMA! structures! (accumbens,! pallidum,!
thalamus,! amygdala,! caudate! and! ICV)! did! not! survive! FWE! correction! and,! therefore,!
may!possibly!represent!false!positive!findings!(FDR!corrected!aggregate!p!value!≥!0.05).!!
!
Table(18:(FWE0corrected(aggregate(p(values;(significance(level(>0.05(indicates(that(observed(concordance(
between(datasets(could(be(detected(by(chance.(
!
!
!
!
!
!
!!!!!!!!
RRHO(analysis(( FWE0corrected(p(value(
ILAE!–!ENIGMAKhippocampus! 0.04!
ILAE!–!ENIGMAKputamen! 0.01!
ILAE!–!ENIGMAKamygdala! 0.05!
ILAE!–!ENIGMAKthalamus! 0.29!
ILAE!–!ENIGMAKaccumbens! 0.27!
ILAE!–!ENIGMAKpallidum! 0.64!
ILAE!–!ENIGMAKcaudate! 0.71!
ILAE!–!ENIGMAKICV! 0.07!
!! !109"
3.4.!Discussion!
"
3.4.1."Interpreting"and"stratifying"RRHO"results"
This!chapter!employed!a!‘rankKrank’!algorithm!to!assess!possible!statistical!correlations!
between! the! results! of! our! ILAE! GWAS!metaKanalysis! and! results! of! eight! concurrent!
ENIGMA2! GWAS! analyses! of! subcortical! structures.! The! overall! degree! of! statistical!
correlation!between! the! SNPs! in! each!dataset,!when! considered!as! a!whole,!was! low;!
with! most! ‘rankKrank’! scatter! plots! failing! to! delineate! any! consistent! pattern! of!
intersection!and!all!estimated!Spearman’s!rho!coefficients!remaining!within!a!very! low!
range! of! correlation! (rho! =! K0.0004! to! 0.006).! Nonetheless,! more! specific! patterns! of!
FDRKcorrected!statistical!correlation!were!observed!between!isolated!‘clusters’!of!SNPs!
in! each! ILAE! and! ENIGMA2! dataset.! These! isolated! clusters! can! be! summarised! as!
follows:!(i)!a!large!cluster!of!overKenriched!SNPs!of!very!weak!(or!negligible)!association!
with!epilepsy!predisposition!(ILAE)!and!SNPs!of!very!weak!(or!negligible)!association!with!
amygdala!volume!(note:!see!section!3.4.2!for!explanation!of!‘negligible’!correlations);!(ii)!
a! similar! pattern! of! overKenrichment! between! SNPs! of! very! weak! or! negligible!
association! with! both! risk! of! epilepsy! and! volumes! of! the! pallidum! and! (iii)! nucleus!
accumbens,! (iv)! a! larger! cluster! of! overKenriched! SNPs! of! either! negligible! or! modest!
association!with!epilepsy!risk!(ILAE)!and!intracranial!volume!(ENIGMA2),!(v)!a!very!small!
cluster! of! overKenriched! SNPs! moderateKtoKhighly! associated! with! epilepsy! risk! and!
weakly!associated!with!caudate!volume!(vi)!a!smallKtoKmedium!sized!cluster!containing!
overKenriched! SNPs! that! were! moderateKtoKhighly! associated! with! both! epilepsy!
predisposition! (ILAE)! and! thalamus! volume,! ! (vii)! a! small! cluster! of! overKenriched!
variants! highly! associated!with! epilepsy! risk! and!moderately! associated!with! putamen!
volume! and! (viii)! two! smallKtoKmedium! sized! clusters;! the! first! containing! SNPs!
moderateKtoKstrongly! associated! with! epilepsy! risk! but! weakly! associated! with!
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hippocampus!volume!and!the!second!containing!SNPs!moderateKtoKstrongly!associated!
with!epilepsy!risk!and!strongly!associated!with!hippocampus!volume.!!!
!
All! eight! statistical! correlations! were! stratified! into! three! distinct! groups! for! further!
interpretation.!First,!statistical!correlations!containing!SNPs!of!weak!effect!on!either!(or!
both)! epilepsy! predisposition! and/or! subcortical! volume! were! classified! as! ‘negligible!
correlations’.! Five! negligible! correlations! were! identified:! (i)! ILAE! vs.! ENIGMA2K
Amygdala,!(ii)!ILAE!vs.!ENIGMA2KAccumbens!(iii)!ILAE!vs.!ENIGMA2KPallidum,!(iv)!ILAE!vs.!
ENIGMA2KCaudate! and! (v)! ILAE! vs.! ENIGMA2KICV.! Second,! statistical! correlations! that!
passed! FDR! correction! but! failed! FWE! correction! were! classified! as! ‘possible! false!
positive’! correlations.! One! possible! false! positive! correlation! was! identified:! ILAE! vs.!
ENIGMA2KThalamus.!Third,! correlations! that!passed!both!FDR!and!FWE!correction!and!
contained! SNPs! strongly! associated! with! both! ILAE! and! ENIGMA! phenotypes! were!
classified! as! “significant! correlations!warranting! further! investigation”.! Two! significant!
results!warranting!further!investigation!were!identified:!ILAE!vs.!ENIGMA2KPutamen!and!
ILAE!vs.!ENIGMA2KHippocampus.!!
!
3.4.2."Negligible"correlations"
Five! statistical! correlations! were! identified! between! SNPs! that! were! weakly! (or!
negligibly)! associated! with! epilepsy! risk! and! weakly! (or! negligibly)! associated! with! (i)!
accumbens!volume!(ii)!pallidum!volume!(iii)!caudate!volume!(vi)!amygdala!volume!and!
(v)! ICV! volume.! These! statistical! correlations! most! likely! reflect! a! chance! overlap!
between! p! values! at! the! bottom! ends! of! each! dataset’s! significance! distribution.! The!
authors!of!the!RRHO!algorithm!refer!to!this!phenomenon!as!an!‘overlap!at!the!extremes’!
and!attribute!it!to!biological!and!experimental!noise167.!!
!
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3.4.3."Possible"‘false"positive’"correlations"
The! overKenriched! cluster! of! correlated! SNPs! between! ILAE! epilepsy! and! ENIGMA2!
thalamus!was!sizeable!(8,586!SNPs)!and!survived!FDR!correction.!However,! the!degree!
of!overKenrichment!was!relatively!modest!(the!lowest!hypergeometric!p!value!was!4x10K
3)!and!did!not!survive!FWE!correction!(see!Table!18).!!!
!
This!FDRKcorrected!statistical!correlation!between!SNPs!highly!associated!with!epilepsy!
risk! and! SNPs! highly! associated! with! thalamus! volume! appears! to! have! a! strong!
biological! grounding:! the! thalamus,! for! example,! is! considered! a! central! hub! of! the!
epileptogenic! networks! involved! in! generalised! seizures176.! The! structure! is! strongly!
connected! to! the! hippocampus! and! is! thought! to! facilitate! a! bidirectional! flow! of!
information!between!the!structures!during!the!initiation!of!seizures164,177.!
!
However,! the!correlation’s! failure! to!survive!FWE!correction!suggests! that! it!may!have!
been!detected!by!chance,!or!that!our!analysis!is!on!the!threshold!of!power!to!show!this!
effect.! Plaisier! et! al.167! explain! how! the! scale! of! hypergeometric! p! values! tends! to!
weaken! as! more! variants! (and! hence,! more! noise)! is! added! to! an! experiment.! As! an!
example,! the!authors!provide!a!hypergeometric!p! value! that! increases! from!as! low!as!
log10! p! =1x10K3000! to! log10! p! =! 1x10K19! as! a! cumulative! number! of! genetic! variants! are!
swapped!into!a!randomlyKgenerated!hypergeometric!overlap!list.!Considering!the!dense!
set!of!approximately!170,000!SNPs!we!used!for!each!comparison,!it! is!highly!likely!that!
biological!noise!may!be!contributing!to!the!correlation!we!observed!between!ILAE!and!
ENIGMA2KThalamus! SNPs.! This! could! be! interpreted! as! a! methodological! flaw! of! the!
present! study;! however,! it! is! important! to! consider! that! each! SNP! panel! acted! as! the!
highest! quality! representative! of! its! original! dataset! (N=8,000,000)! and! the!
implementation! of! even! stricter! QC! and/or! LD! metrics! would! likely! risk! excluding!
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thousands!of!biologically!pertinent!variants.!!
!
3.4.2."Significant"correlations"warranting"further"investigation""
Two!patterns!of!FDRK!and!FWEKcorrected!statistical!correlation!were!observed!between!
(i)! ILAE! and! ENIGMA2KPutamen! variants! and! (i)! ILAE! and! ENIGMA2KHippocampus!
variants.! HighKranking! variants! associated! with! volume! changes! in! both! subcortical!
structures! appeared! to! correlate! with! highKranking! variants! associated! with! epilepsy,!
with! an! optimal! FDRKcorrected! hypergeometric! p! value! of! log10! p<5x10K4! (for! the!
ILAE/hippocampus! analysis)! and! log10!p<1x10K4! (for! the! ILAE/putamen! analysis).! Unlike!
the!results!discussed!throughout!section!3.4.2.,!these!findings!appear!to!conform!to!our!
hypothesised! pattern! of! statistical! correlation,! whereby! the! most! significant! SNPs!
displayed! the! greatest! degree! of! statistical! concordance.! Moreover,! both! of! these!
findings! passed! our! permutationKbased! FWE! correction! for!multiple! comparisons! (see!
Table!18).!!
!
The! putamen,! which! forms! a! major! portion! of! the! basal! ganglia! (BG),! has! previously!
demonstrated!microstructural! white!matter! alterations178! and! volumetric! grey!matter!
abnormalities179! in! a! diverse! range! of! epilepsy! syndromes.! Functional! connectivity!
between!the!putamen!and!cortical!areas!(including!the!somatomotor!cortex)!is!thought!
to!be!disturbed!in!temporal!(and!extraKtemporal)!lobe!epilepsies,!suggesting!an!altered!
function! of! the! BG! in! the! disorder180.! Our! observed! statistical! correlation! between!
genetic! variants! highly! associated!with! both! (i)! putamen! volume! and! (ii)! epilepsy! risk!
appears! to! support! this! hypothesis,! although! further! work! is! required! to! clarify! the!
biological!underpinnings!of!this!correlation.!!
!
The! hippocampus! is,! arguably,! the!most! biologically! pertinent! subcortical! structure! in!
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epilepsy.! Sclerosis! of! the! hippocampus! is! the! most! widelyKimplicated! neurological!
feature!of!localisationKrelated!epilepsies,!accounting!for!50K75%!of!all!surgical!resections!
in! the! disorder181.! The! statistical! enrichment! observed! between! variants! highly!
associated!with!volumetric!changes!of!the!hippocampus!and!variants!highly!associated!
with!epilepsy!risk! leads!us!to!propose!the!hypothesis!that!certain!epilepsy!patients!are!
genetically!predisposed!towards!smaller!hippocampi.!This!hypothesis!will!form!the!basis!
for!experiments!outlined!in!chapter!4;!that!hippocampal!variants!exert!a!polygenic!effect!
in! epilepsy,! collectively! predisposing! to! a! smaller! hippocampus! and,! indirectly,! to! the!
generation!of!epileptic!seizures.!!
!
3.4.3"Conclusions"
RRHO! is! a! relatively! novel! method! to! detect! enrichment! of! SNPs! affecting! two!
phenotypes! in! two! independent! GWAS.! Its! rankKbased! approach! allowed! us! to! assess!
potential! statistical! correlation! between! the! ILAE! GWAS! and! the! ENIGMA2! GWAS!
without! selecting! a! truncated! set! of! the! top! n! SNPs! in! advance,! thus! facilitating! a!
comprehensive,! thresholdKfree! and! extremely! sensitive! investigation! of! biologically!
relevant! concordance167.! Using! this! technique,! we! identified! a! tentative! (but! likely!
spurious)!statistical!correlation!between!highKranking!SNPs!associated!with!epilepsy!risk!
and!thalamus!volume,!in!addition!to!a!more!robust,!FWEKcorrected!association!between!
a!cluster!of!higherKranked!SNPs!associated!with!epilepsy!predisposition!and!volumes!of!
the!(i)!putamen!and!(ii)!hippocampus.!The!overall!Spearman’s!coefficient!was!low!across!
these! analyses,! suggesting! that! any! statistical! overlap! was! highly! localised! to! specific!
clusters! of! SNPs.! Moreover,! as! the! authors! of! the! RRHO! algorithm! importantly!
emphasise167,! more! isolated! findings! such! as! these! should! be! used! to! generate!
hypotheses!for!additional!investigations!of!the!correlated!SNPs!in!question,!rather!than!
confirming! any! biological! associations! in! and! of! themselves167.! Therefore,! while! the!
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results!of!the!present!chapter!have!helped!us!pinpoint!a!statistical!correlation!between!
GWAS! variants! predisposing! to! putamen! volume,! hippocampus! volume! and! epilepsy!
risk,! the! next! chapter! will! address! precisely! how! this! overlap! may! occur! –! placing!
particular! focus! on! the! longKdebated! relationship! between! epilepsy! and! the!
hippocampus.!!
!
!
!
!
!
!
!
!
!
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4.1.!Introduction!
!
In! Chapter! 3,! we! identified! a! pattern! of! statistical! enrichment! between! variants! that!
were! highly! associated!with! volumetric! changes! of! the! hippocampus! (from! ENIGMA2)!
and! variants! that! were! highly! associated! with! epilepsy! predisposition! (from! the! ILAE!
metaKgenomeKwide! association;! see! chapter! 2).! This! led! us! to! propose! the! hypothesis!
that!certain!epilepsy!patients!are!genetically!predisposed!towards!smaller!hippocampi.!
More!specifically,!we!hypothesised! that! thousands!of! subKthreshold!SNPs!predisposing!
towards!hippocampal!volume!exert!a!collective,!polygenic!effect!on!epilepsy!risk.!!
!
Polygenic! inheritance! was! first! proposed! by! Fisher! in! 1918182.! Fisher! postulated! that!
genetic! discoveries! identifying! a! handful! of! strongly! associated! variants!may! overlook!
several! thousand! additional! SNPs! of! a! smaller! effect! individually,! yet! more! powerful!
effect!en"masse182.! In!one!of! the!most! cited!explorations!of!polygenic! inheritance,! the!
International!Schizophrenia!Consortium!(ISC)!gathered!GWAS!summary!results!on!3,322!
schizophrenia! (SZ)! patients! and! 3,587! controls,! segregating! groups! of! nominally!
associated!schizophrenia!SNPs!into!groups!based!on!their!respective!p!values!(e.g.!SNPs!
with!p!<!0.01,!p!<!0.1,!p!<!0.5…).!They!then!generated!quantitative!‘scores’!for!each!SNP!
based!on!the!number!of!risk!alleles!carried!by!patients!and!controls.!Finally,!these!scores!
were! related! to! disease! state! in! three! independent! target! samples! of! SZ! patients! and!
healthy! controls183.! The! ISC’s! analysis! identified! a! strong! polygenic! component! to! SZ;!
suggesting! that! thousands! of! common! alleles! of! nominal! effect! collectively! contribute!
towards!a!large!proportion!(at!least!one!third)!of!total!variation!in!risk!for!the!illness183.!!
!
More!recent!investigations!of!polygenicity!have!suggested!that!it!is!ubiquitous!for!most!
human! complex! traits184.! Indeed,! common,! complex! forms! of! epilepsy! are! thought! to!
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involve! a! combination! of! polygenic! variants! and! environmental! components,! but! the!
details! of! the! genetic! architecture! of! this! polygenicity! are! largely! unknown116,185.! It! is!
possible! that! polygenic! variation! contributes! towards! the! sclerosis! and! relative!
‘shrinking’! of! the!hippocampal! regions! commonly! observed! in! focal! forms!of! epilepsy,!
such! as! mesial! TLE.! However,! the! aetiological! role! of! the! hippocampus! in! TLE! is! still!
highly! contentious.! Some! maintain! that! hippocampal! volume! loss! is! a! heritable!
phenomenon! that! predisposes! to! the! disorder,! while! others! insist! that! it! is! a!
consequence!of!epileptogenesis.!!
!
Empirical! investigations! have! supported! both! perspectives.! For! instance,! post!mortem!
neuronal!cell!counts!in!hippocampal!specimens!have!demonstrated!that!the!majority!of!
neuronal! loss! is! linked!with!an! initial!precipitating! injury! (IPI),! implicating!hippocampal!
sclerosis! (HS)! as! an! acquired! pathology186.! Similarly,! animal! models! have! applied!
‘kindling’! techniques,! whereby! repeated! administration! of! a! subKthreshold! stimulus!
eventually! evokes! an! epileptogenic! event,! to! demonstrate! progressively! worsening!
hippocampal! neuron! loss! as! the! number! of! evoked! seizures! increases187.! Conversely,!
Davies! and! colleagues188! found! that! a! patient’s! age! at! onset! was! highly! predictive! of!
moderate! to!marked!preKsurgical!HS!–!overall! indicating! that!preKexisting!HS!may!be!a!
cause!and!not!a!consequence!of!epilepsy.!Advances!in!MRI!have!further!complicated!the!
debate,!with! some! groups! reporting! a! significant! hereditary! component! for! HS! in! TLE!
patients!and!their!unaffected!relatives189!and!others!suggesting!that!this!heredity!does!
not!apply!to!more!common,!sporadic!(i.e.!nonKfamilial)!forms!of!TLE!169.!!
!
The! ENIGMA! consortium’s! 2012! genetic! mapping! study! of! hippocampal! volume! may!
allow!us!to!address!this!aetiological!debate!from!an!alternative!perspective;!namely,!by!
investigating!a!potential!polygenic! influence!of! subKthreshold!hippocampal! variants!on!
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epilepsy! predisposition.! In! order! to! test! this! possible! polygenic! effect,! the! present!
chapter! will! summarise! variation! across! nominallyKassociated! ENIGMA2! hippocampal!
SNPs! into!quantitative! ‘risk’!scores! (similar!to!the!method!employed!by!the! ISC183)!and!
relate!these!risk!scores!to!disease!state!in!independent!cohorts!of!epilepsy!patients!and!
healthy! controls.! This! study! design! will! allow! us! to! assess! the! relationship! between!
disease! state! (epilepsy! patient! or! healthy! control)! and! polygenic! risk! score! (PRS)! and!
accordingly! test! the! hypothesis! that! nominal! ENIGMA2KHippocampus! variants! exert! a!
polygenic!effect!on!epilepsy!predisposition.!!!
!
!
!
!
!
!
!
!
!
!
!
!
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4.2.!Methodology!
"
4.2.1:"Methods"overview""
Our!polygenic! risk!analysis!was!conducted! in!seven!explicit! steps.!First,!we!extracted!a!
subset! of! SNPs! that! were! common! to! both! the! ENIGMA2KHippocampus! and! ILAE!
epilepsy!datasets.!Each!SNP!within!this!common!set!was!weighted!for!its!local!patterns!
of! linkage!disequilibrium,! so!as! to!downweight!variants! captured!by!other!SNPs! in! the!
dataset.! Second,! all! data! files! (imputed! from! 1000G)!were! converted! to! binary! PLINK!
format!to!render!them!compatible!with!PLINK’s!polygenic!scoring!algorithm.!Third,!sets!
of! ‘scoring! alleles’! were! created! and! categorised! based! on! their! nominal! significance!
thresholds!in!the!ENIGMA2KHippocampus!results!(e.g.!pT!<!0.01,!pT!<!0.05!and!pT!<!0.1).!
Fourth,! we! used! these! alleles! to! perform! polygenic! risk! scoring! in! the! ILAE! epilepsy!
cohorts.! This! created! a! profile! containing! an! overall! ‘risk’! score! for! each! participant!
(based!on!the!number!of!scoring!alleles!they!carried).!Fifth,!before!conducting!a!logistic!
regression,!we!performed!principal!component!analysis!in!order!to!identify!and!exclude!
possible! ancestral! outliers.! Sixth,!we! conducted! a! logistic! regression!of! overall! PRS! (Y)!
against!disease!state!(X!–!patient!or!control).!Seventh,!we!computed!Nagelkerke’s!R2!in!
order!to!determine!the!variance!in!disease!state!explained!by!risk!score.!!
!
!
!
!
!
Figure(53:(Overview(of(the(processing(pipeline(for(polygenic(risk(analysis.(
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4.2.2:"Step"1:"Extracting"and"LDRweighting"SNPs"common"to"ILAE"and"ENIGMA2""
We! used! GREP! (an! inKbuilt! Linux! tool! for! text!manipulation)! to! extract! the! full! list! of!
5,968,226!SNPs!included!in!our!final!ILAE!metaKanalysis.!The!reference!SNPs!and!cluster!
IDs!(RSIDs)!of!SNPs!within!this!list!were!updated!to!match!RSIDs!in!version!3!of!the!1,000!
Genomes!reference.!We!then!extracted!the!updated!subset!of!SNPs!from!the!ENIGMA2!
reference!dataset,!creating!a!set!of!5,714,189!overlapping!SNPs!between!ENIGMA2!and!
the!ILAE.!
!
This! overlapping! ILAEKENIGMA2! reference! dataset! was! exported! to! version! 2! of! the!
Linkage! Disequlibrium! Adjusted! Kinships! (LDAK)! software! package.! LDAK! provides! an!
alternative! to! traditional!pairwise!pruning!techniques,!as! instead!of! removing!one!of!a!
pair!of!SNPs!in!high!LD,!it!preserves!all!SNPs!and!provides!them!with!a!‘weighting’!value!
according! to! their! local! LD190.! This!weighting! technique! therefore! allowed! us! to! forgo!
possible! overestimations! of! the! effects! of! SNPs! in! regions! of! strong! LD! and!
underestimations! of! the! effects! of! SNPs! in! regions! of! low! LD;! overall! improving! the!
proportion!of!all!common!variation!(or!‘coverage’)!tagged!by!our!final!panel!of!SNPs.!!!
!
We!separated!our!ILAEKENIGMA2!dataset!into!1,142!chunks!of!approximately!5000!SNPs!
in!size!and!used!LDAK!2.0!to!computed!weightings!for!all!chunks!across!a!series!of!4GB!
clusters! using! the! Trinity! Centre! for! High! Performance! Computing! (TCHPC)!
supercomputer.!This!process!took!approximately!24!hours!per!chromosome,!running!~2!
chromosomes! worth! of! SNPs! per! day! (8K9! days! total).! The! final! set! of! 5,714,189!
weighted!SNPs!was!then!pruned!to!remove!SNPs!with!weightings!equal!to!zero!(typically!
imputed!SNPs)!and!the!entire!process!was!repeated!for!the!remaining!SNPs!of!nonKzero!
weighting.!This!produced!a!final!panel!of!407,236!weighted,!nonKzero!SNPs!common!to!
both!the!ILAE!and!ENIGMA2!datasets.!!
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4.2.3:"Step"2:"Converting"imputed"files"(from"ILAE"metaRanalysis)"to"PLINK"format"
As! part! of! the! ILAE! metaKanalysis! presented! in! chapter! 2,! six! GWAS! datasets! were!
imputed!to!the!1000!genomes!reference!panel.!Each!imputed!output!file!was!assembled!
in! ‘CHIAMO’! format,! containing!eight! columns! characterising!particular!details! of! each!
SNP,!including!(i)!an!alternative!SNP!name!(ii)!RSID,!(iii)!a!basepair!position!(BP),!(iv)!the!
SNP’s! first!allele![A1],! (v)!the!SNP’s!second!allele![A2],! (vi)! the!probability!that!the!SNP!
was!homozygous!for!allele!‘A’![‘AA’],!(vii)!the!probability!that!the!SNP!was!heterozygous!
[‘AB’]!and!(viii)!the!probability!that!the!SNP!was!homozygous!for!allele!‘B’![‘BB’].!!
!
Figure(54:(Example(of(an(IMPUTEv2(output(file,(zooming(in(on(a(single(SNP.((
!
However,! this! CHIAMO! format! was! incompatible! with! PLINK! –! one! of! few! software!
packages! that! provides! a! streamlined! algorithm! for! polygenic! SCORE! analysis.!!
Accordingly,! we! collaborated! with! Doug! Speed! (‘SANAD’! analyst! for! the! ILAE! GWAS!
metaKanalysis)! to! create! a! Python! script! which! took! information! from! the! eight!
aforementioned! columns! of! the! CHIAMO! file! and! rearranged! it! into! a! binary! PLINK!
format.!A!genotypeKcalling!rate!threshold!of!0.9!was!applied!so!that!uncertain!calls!(i.e.!
any! calls!<0.9)!were! set!as! ‘missing’.! This!process!produced! three! sets!of!*.bim,!*.bed!
and! *.fam! files;! the! first! for! EPIGENKIRELAND,! containing! 8,190,510! SNPs! from! 646!
epilepsy! patients! and! 2,232! controls;! the! second! for! EPIGENKUK,! containing! 8,996,782!
SNPs! from! 1,207! patients! and! 2,501! controls! and! the! third! for! EPIGENKUS,! containing!
8,385,122!SNPs!from!761!epilepsy!patients!and!524!healthy!controls.!We!reduced!each!
cohort! to!only! contain!SNPs! from!our!weighted!dataset.!We! then!performed!standard!
quality! control! procedures! on! all! three! datasets! –! removing! rare! variants!with!MAF! <!
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0.05,!variants!with!HWE!<!1x10K6,!variants!with!genotyping!call!rates!less!than!90%!and!
variants!of!poor!imputation!quality!(INFO!<95%).!The!number!of!variants!in!each!cohort,!
postKquality!control!and!postKLDKweighting,!is!listed!in!table!19.!Finally,!all!three!cohorts!
were!merged!together! in!PLINK!to!create!a!unified!EPIGEN!dataset!comprised!of!2,614!
epilepsy!patients!and!5,257!healthy!controls!(7,871!total).!!
(
Table(19:(Number(of(SNPs(in(their(original,(weighted(and(post0quality0control(formats(
Number(of(SNPs( EPIGEN(IRELAND( EPIGEN(UK( EPIGEN(US(
Original!imputed!dataset! 8,190,510! 8,996,782! 8,385,122!
Weighted!SNPs!only! 351,275! 381,077! 381,043!
HWE!pKvalue!>!1eK06! 351,272! 381,059! 381,042!
Genotyping!rate!>!95%! 300,777! 329,834! 300,932!
MAF!>!0.01! 295,406! 325,930! 297,853!
Imputation!quality!>!0.95! 267,846( 298,277( 237,864(
!
!
4.2.4:"Step"3:"Generating"sets"of"scoring"alleles"
In! order! to! proceed! with! polygenic! scoring,! we! defined! the! ENIGMA2KHIPPOCAMPUS!
results! (generated! from!29,037! individuals)! as!our!discovery! cohort!and! the!combined!
EPIGENKIRELAND/EPIGENKUS/!EPIGENKUK!dataset!as!our! target! cohort.! The! final! list!of!
weighted,! qualityKcontrolled! SNPs!was! extracted! from! the! association! statistics! of! our!
discovery!cohort!and!sorted!according!to!each!SNP’s!respective!log10!p!value.!Discovery!
SNPs!were!then!segregated!into!three!partially!overlapping!sets!of!‘scoring!alleles’!based!
on! three!different! significance! thresholds! (pT):! (i)! SNPs!with!pT!less! than!0.01,! (ii)! SNPs!
with! pT! less! than! 0.05! and! (iii)! SNPs! with! pT! less! than! 0.1.! Each! group! was! then! reK
formatted!into!a!file!containing!an!RSID!(column!1),!the!SNP’s!first!allele!(column!2)!and!
the!SNP’s!overall!weighting!(column!3).!This!‘overall’!SNP!weighting!accounted!for!both!
(i)! the! SNP’s! LDKbased! weighting! (calculated! using! LDAK! in! section! 4.2.2)! and! (ii)! the!
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SNP’s! effect! size,! given! in! terms! of! Allele! 1,! from! our! discovery! sample’s! summary!
statistics!(ENIGMA2),!i.e.:!
!
Overall(weightingSNP((=(LDAK(weightingSNP(*(effect(sizeallele(1(of(SNP(from(ENIGMA2(results(
!
The!number!of!SNPs!in!each!set!of!scoring!alleles!is!listed!in!table!20.!!!
!
Table(20:(Number(of(SNPs(in(each(scoring(allele(set(
Discovery(sample( Scoring(allele(set( Number(of(SNPs(
ENIGMA2!–!hippocampus! pT!<!0.01! 4,340!
ENIGMA2!–!hippocampus! pT!<!0.05! 20,743!
ENIGMA!2!K!hippocampus! pT!<!0.1! 41,482!
(
4.2.5:"Step"4:"Calculating"a"polygenic"risk"score"(PRS)"profile"
We!used!the!three!lists!of!SCORE!alleles!generated!in!step!3!(detailed!in!table!20!above)!
to! implement! a! polygenic! risk! score! (PRS)! test! in! PLINK.! This! test! calculated! a! PRS! for!
each! participant! (in! our! target! cohort)! in! four! explicit! phases:! (i)! first,! it! counted! the!
number!of!risk!alleles!carried!by!that!participant!for!a!single!SNP!(the!risk!allele,!either!A,!
T,!G!or!C!–!was!specified!in!column!2!of!the!scoring!allele!set);!(ii)!second,!it!multiplied!
this! allele! count! (either! 0! for! a! homozygous! nonKrisk,! 1! for! a! heterozygous! or! 2! for! a!
homozygous!risk!participant)!by!the!SNP’s!weight!(a!composite!of!its!effect!size!and!LDK
weighting),!giving!the!participant!an!overall! ‘score’! for! that! individual!SNP;! (iii)! third,! it!
repeated!steps!1K2!for!all!remaining!SNPs,!generating!an!overall!cumulative!PRS!for!that!
participant;! (iv)! fourth,! it! repeated! steps! 1K3! for! all! remaining! epilepsy! patients! and!
healthy!controls!in!the!target!cohort.!This!process!culminated!in!the!generation!of!a!PRS!
profile,!listing!every!patient!and!control!alongside!(i)!their!disease!state,!(ii)!the!number!
of!nonKmissing!SNPs!used! to!calculate! their!PRS,! (iii)! the!number!of!named!alleles!and!
(iv)! the! total! PRS! for! that! patient! or! control.! See!
http://pngu.mgh.harvard.edu/~purcell/plink/profile.shtml! for! further! details! of! PLINK’s!
polygenic!scoring!routine.!!
!
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4.2.6:"Step"5:"Identifying"and"removing"ancestral"outliers"in"our"target"cohort""
Before!employing!a! logistic!regression!of!disease!state!against!risk!score,!we!sought!to!
minimize!the!effects!of!population!stratification!by!identifying!possible!ancestral!outliers!
from! our! target! cohort! of! Irish,! British! and! American! Caucasian! epilepsy! patients! and!
healthy! controls! (N=7,763).! We! used! EIGENSOFT! v5.0.1!
(http://www.hsph.harvard.edu/alkesKprice/software/)! to! conduct! principal! component!
analysis! (PCA)! on! this! combined! cohort.! The! software! automatically! removed! 202!
ancestral! outliers! from! each! PCA! plot! if! they! were! two! or! more! standard! deviations!
above! or! below! the! mean.! Excluded! individuals! included! 160! British! cases,! 4! British!
controls! and! 38! US! controls.! EIGENSOFT! then! produced! a! PCA! plot! illustrating! a! high!
degree! of! overlap! between! our! three! EPIGEN! cohorts! (Ireland,! UK,! US),! with! a! small!
remainder!of!slight!ancestral!outliers!in!the!British!control!group:!!
(
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Figure(55:(Combined(EPIGEN(PCA(plot.(
PCA"plot"illustrates"UK"controls"(blue"diamonds),"UK"controls"(red"squares),"Ireland"cases"(green"triangles),"Ireland"controls"
(purple"crosses),"US"cases"(blue"crosses)"and"US"controls"(orange"circles)."The"majority"of"cases"and"controls"overlapped,"
with"a"handful"of"UK"controls"veering"off"in"the"first"and"fourth"Cartesian"quadrants.""
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In! order! to! control! for! this! small! cluster! of! ancestral! outliers,! we! set! a! principal!
component!cutoff!value!of!0.035,!removing!a!further!14!British!controls!who!exceeded!
this!threshold.!To!control!for!remaining!cryptic!stratification!we!concatenated!the!PCA’s!
first! four!axes!with!our!PRS!profiles! in!order! to! include!each!axis!as!a!covariate! in!our!
logistic!regression.!This!left!us!with!a!final!cohort!of!7,694!participants!(2,502!cases!and!
5,191!healthy!controls).!!
!
4.2.7:"Step"6:"Performing"the"logistic"regression""
A!frequency!analysis!conducted!using!SPSS!confirmed!that!the!polygenic!risk!scores!of!all!
epilepsy!patients!and!healthy!controls!formed!a!normal!distribution!(see!figure!56).!The!
phenotypes! to! be! tested! assumed! a! binary! format! (1! =! affected! epilepsy! patient,! 0! =!
unaffected! control).! Accordingly,! we! decided! to! relate! risk! scores! to! disease! state! by!
employing!logistic!regression,!as!provided!in!version!3.1.0!of!the!R!statistics!package.!!
"
"
"
"
"
"
Figure(56:!Frequency(distributions(for(risk(scores((
Distributions" were" calculated" using" hippocampal" SNPs" at" the" (A)" p" threshold" <" 0.01," (B)" p" threshold" <" 0.05" and" (C)" p"
threshold"<"0.1"across"all"epilepsy"patients"and"healthy"controls."Red"line"signifies"the"normal"distribution."&
"
Three! sets! of! PRS! profiles! (for! pT! <! 0.01,! pT! <! 0.05! and! pT! <! 0.1,! respectively)! were!
imported! into! R.! Risk! score! (as! calculated! in! PLINK)! was! set! as! ‘Y’;! our! independent!
variable.!Disease!state!–!coded!as!‘1’!for!epilepsy!patients!and!‘0’!for!unaffected!controls!
–!was!set!as!‘X’;!our!dependent!variable.!To!control!for!potentially!confounding!effects!
of!population!stratification,!we!included!the!first!four!principal!components!as!our!first!
(A)( (B)( (C)(
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four! covariates,! labelled! ‘a’,! ‘b’,! ‘c’! and! ‘d’,! respectively.! In! order! to! control! for!
differences! in! nonKrandom! genotyping! failures! and! the! densities! of! platforms! used! to!
genotype! each! EPIGEN! cohort,! we! included! the! number! of! nonKmissing! SNPs! used! to!
calculate!each!participant’s!risk!score!as!our!fifth!covariate!(‘e’).!A!logistic!regression!of!
disease! state! against! PRS,! controlling! for! the! first! four! principal! components! and! the!
number! of! nonKmissing! alleles,! was! then! conducted! for! each! PRS! profile! under! the!
general!linear!model,!using!the!formula…!
!
glm(formula(=(y(~(x(+(a(+b(+c(+(d(+(e,(family(=(“binomial”)(
!
…where! ~! denotes! the! correlation! between! risk! score! (y)! and! all! other! variables! and!
‘glm’! signifies! a! logistic! regression! under! the! general! linear! model.! This! logistic!
regression!was!conducted!across!all!2,502!epilepsy!patients!and!5,191!controls!(from!the!
EPIGEN!Ireland,!UK!and!US!cohorts)!and!subsequently!repeated!in!four!secondary!(sub)!
analyses!of!(i)!all!focal!forms!of!epilepsy!(n=1,801)!versus!healthy!controls!(n=5,191),!(ii)!
lesional,! focal! forms! of! epilepsy! (showing! evidence! of! mesial! temporal! sclerosis! on! a!
clinical!MRI!scan)!(n=280)!versus!healthy!controls!(n=5,191),!(iii)!nonlesional,!focal!forms!
of!epilepsy!(showing!no!evidence!of!focal!abnormalities!on!a!clinical!MRI!scan)!(n=614)!
versus! healthy! controls! (n=5,191)! and! (iv)! idiopathic! generalised! epilepsies! (n=194)!
versus!healthy!controls!(n=5,191).!!
"
4.2.8."Step"7:"Estimating"variance"in"disease"state"explained"by"risk"score"
In!order!to!determine!the!variance!in!disease!state!explained!by!risk!score,!we!used!the!
Regression!Model!Strategies!(‘RMS’)!package,!developed!for!R!Statistics!by!Frank!Harrell!
(http://biostat.mc.vanderbilt.edu/wiki/Main/RmS),! to! calculate!Nagelkerke’s! pseudoKR2!
(Nagelkerke,!1991).!This!is!referred!to!as!a!pseudoKR2!statistic!because!R2!values!are!not!
typically! calculated! for! a! logistic! regression.! Rather,! a! number! of! ‘pseudo’! R2! models!
exist! which! attempt! to! mirror! the! typical! goodnessKofKfit! models! used! in! as! ordinary!
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least!squares!(OLS)!regression;!calculating!a!value!between!0!and!1,!with!higher!values!
representing! a! better! model! fit.! We! computed! Nagelkerke’s! R2! twice! in! order! to!
determine! the! variance! in! disease! state! explained! by! risk! score;! first,! in! a! regression!
including!the!risk!score!and!all!five!covariates,!second,!in!a!regression!including!only!the!
covariates;!then!calculating!the!difference!between!the!first!and!second!R2!estimates.!!
!
4.2.9."Step"8:"Randomised"‘control’"analysis""
As!polygenic!risk!scoring!is!a!relatively!novel!technique,!there!is!no!standardised!way!to!
apply! FWE! or! FDR! correction! in! an! attempt! to! control! for! falseKpositive! findings.!
Therefore,!as!part!of!a!postKhoc,!exploratory!‘control’!analysis,!we!calculated!a!number!
of!independent!risk!scores!from!six!randomised!panels!of!SNPs,!selected!at!random!from!
the!ENIGMA2Khippocampus!results,! independent!of!statistical!significance!(i.e.!p!values!
for! these! SNPs!were! anywhere! between! 5x10K10! <!p! <! 0.999).! The! number! of! SNPs! in!
each! of! these! ‘random’! panels! was! matched! to! the! number! of! SNPs! in! our! actual!
threshold! panels;! sets! 1! and! 2! contained! 4,340! SNPs! each! (corresponding! to! the! pT! <!
0.01!panel),! sets!3!and!4! contained!20,743!SNPs!each! (corresponding! to! the!pT!<!0.05!
panel)! and! sets! 5! and! 6! contained! 41,482! SNPs! each! (corresponding! to! the! pT! <! 0.1!
panel).! ! This! allowed! us! to! compare! the! effects! of! our! actual! risk! scores! to! randomly!
generated! risk! scores! and! assess! whether! our! logistic! regression! results! (section! 4.3)!
represented!a!true!polygenic!signal!or!a!possible!‘chance’!finding.!We!also!examined!the!
trend!of!statistical!significance!(or! lack!therefore)!as!the!discovery!panel!threshold!(pT)!
was!gradually!weakened!from!0.1!to!0.2,!0.4,!0.6,!0.8!and!1!in!our!‘all!epilepsy!+!healthy!
control’!cohort!(n=7,693).!!
!
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4.3.!Results!
4.3.1."All"epilepsy"patients"vs."healthy"controls"
A!logistic!regression!of!disease!state!against!polygenic!risk!score!conducted!on!a!cohort!
of!2,502!epilepsy!patients!and!5,191!healthy!controls!revealed!a!significant!association!
between!disease!state!and!risk!scores!calculated!using!hippocampal!SNPs!at!the!pT!<0.05!
SNP! threshold! (p<0.05).! However,! this! association! was! not! observed! for! scores!
calculated!using!hippocampal!variants!at!the!pT<0.01!or!pT<0.1!thresholds!(p>0.05).!The!
proportion! of! variation! in! epilepsy! risk! explained! by! disease! score! (as! measured! by!
Nagelkerke’s!R2!was!very!low!(0K0.1%)!across!all!three!SNP!panels.!!
!
Table(21:(Average(risk(scores(for(all(epilepsy(patients(and(healthy(controls(across(our(three(hippocampal(SNP(panels(
SNP(panel( Healthy(controls(
Average#risk#score#
Epilepsy(patients(
Average#risk#score#
LOGISTIC(REGRESSION(
######Variable(p########################R2(
pT!<!0.01!(n=4,340)! 0.034945239! 0.034326623! 0.179( 0.001!
pT!<!0.05!(n=20,743)! K0.004459156! K0.005019118! 0.009( 0.001!
pT!<!0.1!(n=41,482)! K0.00666363! K0.006810093! 0.333! 0!
Table" legend:" n" =" number" of" SNPs" included" in" the" SNP" panel." Variable" p" =" overall" significance" level" of" the" logistic"
regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
"
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Figure(57:(Average(PRS((all(epilepsies(vs.(controls)(
Bar"chart,"with"standard"error"bars,"illustrates"polygenic"risk"scores"for"epilepsy"patients"(red)"and"healthy"controls"(blue),"
calculated"using"three"panels"of"hippocampal"variants"of"progressively"weaker"statistical" threshold" (pT<0.01,"pT<0.05"and"
pT<0.1,"respectively)."As"the"statistical"threshold"for"hippocampal"SNPs"weakens,"the"overall,"weighted"effect"of"these"SNPs"
becomes"more"negative."Stars"(**)"indicate"association"is"significant"at"the"p"<"0.01"level.""
**"
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4.3.2."Focal"epilepsy"patients"vs."healthy"controls"
A! logistic! regression!of!disease! state!against! risk! score! in! the! subcohort!of!1,801! focal!
epilepsy!patients!and!5,191!healthy!controls!using!three!panels!of!nominally!significant!
hippocampal! variants! revealed! a! borderline! significant! association! between! scores!
calculated!with!hippocampal!variants!at!the!pT<0.05!threshold!(p<0.05),!but!not!scores!
calculated!with!variants!at!the!pT<0.01!or!pT<0.1!thresholds!(p<0.01),!see!table!22:!!
!
Table(22:(Average(risk(scores(for(focal(epilepsy(patients(and(healthy(controls(across(our(three(hippocampal(SNP(panels(
SNP(panel( Healthy(controls(
Average#risk#score#
Focal(epilepsies((
Average#risk#score#
LOGISTIC(REGRESSION(
######Variable(p########################R2(
pT!<!0.01!(n=4,340)! 0.034945239! 0.034460082! 0.3445( 0!
pT!<!0.05!(n=20,743)! K0.004459156! K0.00499484! 0.0205( 0.001!
pT!<!0.1!(n=41,482)! K0.00666363! K0.00680302! 0.366( 0!
Table" legend:" n" =" number" of" SNPs" included" in" the" SNP" panel." Variable" p" =" overall" significance" level" of" the" logistic"
regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
!
A! second! logistic! regression,! conducted! on! a! subKcohort! of! 280! focal! patients! with!
confirmed! hippocampal! sclerosis! on! MRI! (‘lesional’! focal! patients)! and! 5,191! healthy!
controls!found!no!significant!association!between!risk!score!and!disease!state!for!any!of!
our!three!hippocampal!SNP!panels!(pT!<0.05,!pT<0.01,!pT<0.1),!p!>!0.05.!Nagelkerke’s!R2!
indicated!that!risk!score!did!not!explain!any!of!the!variation!in!epilepsy!risk!across!these!
three!SNP!panels!(R2=0%),!see!table!23:!
!
Table(23:(Average(risk(scores(for(lesional(epilepsy(patients(and(healthy(controls(across(our(three(hippocampal(SNP(panels(
SNP(panel( Healthy(controls(
Average#risk#score#
Lesional(epilepsies((
Average#risk#score#
LOGISTIC(REGRESSION(
######Variable(p########################R2(
pT!<!0.01!(n=4,340)! 0.034945239! 0.034590736! 0.7791( 0!
pT!<!0.05!(n=20,743)! K0.004459156! K0.004492892! 0.9( 0!
pT!<!0.1!(n=41,482)! K0.00666363! K0.006704133! 0.9775( 0!
Table" legend:" n" =" number" of" SNPs" included" in" the" SNP" panel." Variable" p" =" overall" significance" level" of" the" logistic"
regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
!
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*"
A!third!logistic!regression,!calculated!on!a!subKcohort!of!614!focal!patients!without!any!
observable! injury!on!MRI!(‘nonKlesional’! focal!patients)!and!5,191!healthy!controls!also!
failed!to!reveal!any!significant!association!between!disease!state!and!risk!score,!p!>!0.05.!
PRS!explained!very!little!of!variance!in!epilepsy!risk!(R2!=!0K0.1%),!see!table!24.!
!
Table(24:(Average(risk(scores(for(focal(epilepsy(patients(and(healthy(controls(across(our(three(hippocampal(SNP(panels(
SNP(panel( Healthy(controls(
Average#risk#score#
Non0lesional(epilepsies((
Average#risk#score#
LOGISTIC(REGRESSION(
######Variable(p#############R2(
pT!<!0.01!(n=4,340)! 0.034945239! 0.034270126! 0.4394( 0!
pT!<!0.05!(n=20,743)! K0.004459156! K0.004937519! 0.3389( 0!
pT!<!0.1!(n=41,482)! K0.00666363! K0.007006993! 0.2832( 0.001!
Table" legend:" n" =" number" of" SNPs" included" in" the" SNP" panel." Variable" p" =" overall" significance" level" of" the" logistic"
regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
!
Bar! charts! plotting! average! risk! scores! (Y! axis)! against! our! three! sets! of! hippocampal!
variants! (X! axis)! for!healthy! controls,! focal! patients! and!our! two! focal! subKcohorts! are!
illustrated!in!figure!58.!!!
!
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Figure(58:(Average(PRS((various(forms(of(focal(epilepsy(vs.(controls)(
Bar"chart,"with"standard"error"bars," illustrates"polygenic"risk"scores"for"healthy"controls"(blue),"all" forms"of"focal"epilepsy"
(yellow),"lesional"forms"of"focal"epilepsy"(red)"and"nonlesional"forms"of"focal"epilepsy"(green),"calculated"using"three"panels"
of"hippocampal"variants"of"progressively"weaker"statistical" threshold" (pT<0.01,"pT<0.05"and"pT<0.1," respectively)."Star" (*)"
indicates"association"is"significant"at"the"p"<"0.05"level.""
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4.3.3."Idiopathic"generalised"epilepsy"(IGE)"patients"vs."healthy"controls"
A!logistic!regression!of!disease!state!against!polygenic!risk!score!conducted!on!a!cohort!
of!194!IGE!patients!and!5,191!healthy!controls!failed!to!find!any!significant!association!
between! the! two! variables,! p" >! 0.05.! The! Nagelkerke’s! R2! values! for! these! three! PRS!
panels! suggested! that! they!explained! very! little!of! the! variation! in! epilepsy! risk! (R2=0K
0.2%).!
!
Table(25:(Average(risk(scores(for(all(generalised(epilepsy(patients(and(healthy(controls(across(our(three(hippocampal(SNP(panels(
SNP(panel( Healthy(controls(
Average#risk#score#
Generalised(epilepsies((
Average#risk#score#
LOGISTIC(REGRESSION(
######Variable(p#############R2(
pT!<!0.01!(n=4,340)! 0.034945239! 0.035564795! 0.741( 0!
pT!<!0.05!(n=20,743)! K0.004459156! K0.005439802! 0.238( 0.002!
pT!<!0.1!(n=41,482)! K0.00666363! K0.0069652! 0.425( 0.001!
Table" legend:" n" =" number" of" SNPs" included" in" the" SNP" panel." Variable" p" =" overall" significance" level" of" the" logistic"
regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
!
!
Figure(59:(Average(PRS((generalised(epilepsies(vs.(controls)(
Bar"chart,"with"standard"error"bars,"illustrating"average"risk"scores"for"genetic"generalised"epilepsy"patients"(light"blue)"and"
healthy" controls" (light" green)," calculated" using" three" panels" of" hippocampal" variants" of" progressively" weaker" statistical"
threshold"(pT<0.01,"pT<0.05"and"pT<0.1,"respectively)."!
!
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4.3.4."Randomised"‘control’"analysis""
In! order! to! qualitatively! assess! possible! falseKpositive! findings,! we! conducted! six!
‘control’! regressions! on! six! panels! of! randomly! selected! SNPs! from! the! ENIGMA2!
hippocampus!results.!Five!of! these!regressions! failed!to!reveal!a!significant!association!
between! risk! scores!calculated! from!random!SNPs!and!disease! state.!However,!a! sixth!
regression,! using! a! panel! of! 20,743! random! SNPs,! observed! a! significant! association!
between!risk!scores!calculated!from!random!SNPs!and!disease!state,!p!<!0.01.!!"
(
Table(26:(Average(risk(scores(for(all(epilepsy(patients(and(healthy(controls(using(six(randomly0selected(SNP(panels((
SNP(panel( Healthy(controls(
Average#risk#score#
Epilepsy(patients(
Average#risk#score#
LOGISTIC(REGRESSION(
Variable(p####################R2(
Random!panel!1!(n=4,340)! 0.00056! 0.0007! 0.449( 0!
Random!panel!2!(n=4,340)! K0.0237! K0.0239! 0.111( 0!
Random!panel!3!(n=20,743)! K0.0169! K0.0172! 0.005( 0.001!
Random!panel!4!(n=20,743)! K0.02865! K0.02854! 0.953( 0!
Random!panel!5!(n=41,482)! K0.0082! K0.0083! 0.1848( 0!
Random!panel!6!(n=41,482)! K0.0218! K0.02175! 0.838! 0!
Table" legend:" Six" panels" of" SNPs" were" selected" ‘at" random’" from" the" ENIGMA2" results." No" statistical" threshold" was"
specified."Therefore,"SNPs"within"each"of"these"six"panels"had"p"values"ranging"from"p<5x10R10"to"p=1."In"order"to"match"
the" number" of" SNPs" in" our" thresholded" panels" (p<0.01," p<0.05" and" p<0.1),"we" generated" two" panels" containing" 4,340"
SNPs"(matching"the"number"in"the"p<0.01"panel),"two"panels"containing"20,743"SNPs"(matching"the"number"in"the"p<0.05"
panel)"and"two"panels"containing"41,482"SNPs"(matching"the"number"in"the"p<0.1"panel)."Five"of"the"six"‘random’"panels"
did" not" exhibit" any" significant" polygenic" effects." However," one" panel," containing" 20,743" SNPs," exhibited" a" significant"
polygenic"effect"at"p=0.005.""n"="number"of"SNPs"included"in"the"SNP"panel."Variable"p"="overall"significance"level"of"the"
logistic"regression."R2"="proportion"of"variance"in"disease"state"explained"by"PRS."""
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Figure(60:(Average(PRS((all(epilepsies(vs.(controls,(using(randomly(selected(SNP(panels)(
Bar"chart,"with"standard"error"bars,"illustrating"risk"scores"for"all"epilepsy"patients"(white)"and"healthy"controls"(black/grey),"
calculated"using"six"panels"of"randomly"selected"SNPs"with"random"statistical"significance"levels"(5x10G10"<p<"1)."Stars"(**)"
indicate"association"is"significant"at"the"p"<"0.01"level.""
**"
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4.3.5."Trend"of"statistical"significance"as"pT"threshold"progressively"weakens"""
In!order!to!assess!the!overall!trend!of!significance!as!a!less!stringent!(and,!in!turn,!more!
numerous)!group!of!hippocampal!SNPs!were!used! to!create! risk!scores,!we!conducted!
five! final! logistic! regressions! of! disease! state! against! risk! scores! calculated! with! SNPs!
satisfying! five! statistical! thresholds! across! our! ‘all! epilepsy! /! healthy! controls’! cohort!
(n=7,693).!The!five!panels!were!as!follows:!(i)!pT<0.2,!containing!82,445!SNPs,!(ii)!pT<0.4,!
containing!186,502!SNPs,!(iii)!pT<0.6,!containing!327,390!SNPs!and!(iv)!pT<0.8,!containing!
408,946!SNPs.!All!five!logistic!regressions!failed!to!illustrate!a!significant!polygenic!effect!
at!these!thresholds.!The!trend!of!variable!p!values!initially!increased!to!~0.4!as!we!began!
to!add!a!greater!number!of!hippocampal!variants,!but!levelled!off!to!an!average!p!value!
of!!~0.2!once!we!exceeded!180,000!SNPs.!!
!
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(
Figure(61:(Overall(variable(p(values(from(logistic(regressions(of(disease(state(against(PRS.(
Chart"shows"an"upward"trend"and"gradual"levellingGoff"as"the"number"of"SNPs"used"to"calculate"risk"scores"increases"from"
4,340"(pT<0.01)"to"408,946"(pT<1)."""
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The!highest!polygenic!risk!scores!were!observed!when!the!fewest!numbers!of!SNPs!were!
included!as!part!of!our! logistic! regression! (i.e.!p<0.01,!p<0.05).!This! levelled!off!as! the!
variable!p!threshold!increased!to!~p<0.04:!
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Figure(62:(Average(polygenic(risk(score((PRS)(for(each(set(of(nominal(ENIGMA20Hippocampus(variants.(
Chart"shows"a"downward"trend"and"gradual"levellingGoff"as"the"number"of"SNPs"used"to"calculate"PRS"increases"from"4,340"
(pT<0.01)"to"408,946"(pT<1)."""
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4.4.!Discussion!
4.4.1."Probable"lack"of"a"true"polygenic"effect"for"our"‘all"epilepsy’"cohort""
The! present! study! set! out! to! test! the! hypothesis! that! common! genetic! variants!
predisposing!towards!hippocampal!volume!(from!ENIGMA2)!exert!a!polygenic!effect!on!
epilepsy! predisposition! (using! samples! from! the! ILAE! GWAS).! We! employed! a! PLINKK
based! risk!allele! scoring! routine,! categorising!ENIGMA2!genetic! variants! into!panels!of!
nominally! significant! SNPs! and! relating! these! to!disease! state! in! epilepsy!patients! and!
healthy! controls.! The! analysis! was! conducted! on! 2,502! epilepsy! patients! and! 5,191!
controls! from! three!EPIGEN!cohorts.!Results! revealed!a! significant!polygenic!effect! for!
hippocampal!SNPs!with!p!values! less!than!0.05!(observed! in!the!ENIGMA2!GWAS),!but!
this! effect! was! not! significant! at! the! more! stringent! p<0.01! threshold,! nor! the! less!
stringent!p<0.1! threshold.! This! likely! represents! a! spurious! finding,! possibly! driven! by!
limited!power!and!our!grouping!together!of!a!very!phenotypically!heterogeneous!cohort!
of!epilepsy!patients.!!
!
Upon! initial! interpretation,! our! result! may! indicate! that! a! small,! specific! cluster! of!
nominally!significant!SNPs!(p<0.05)!exerts!a!collective!effect!on!epilepsy!predisposition.!
However,! the! variable! p! value! for! our! logistic! regression! was! relatively! modest!
compared! to! previous! polygenic! analyses! of! comparable! power.! For! example,! the!
International! Schizophrenia! Consortium! (ISC)! demonstrated! a! highly! significant!
association!(variable!p!=!5x10K5)!between!risk!scores!calculated!using!SNPs!with!p<0.05!
from! their!male! cohort! (2,176! cases,! 1,642! controls)! and!disease! state! in! their! female!
sample!of!1,146!schizophrenia!patients!and!1,945!controls!(Purcell,!2009).!Similarly,!the!
International! Multiple! Sclerosis! Genetics! Consortium! (IMSGC)! revealed! an! association!
between!risk!score!(calculated!using!SNPs!with!p<0.05!from!their!own!Multiple!Sclerosis!
GWAS)!and!disease!state! (in!an! independent!sample!of!806!Multiple!Sclerosis!patients!
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and! 1,720! controls)! with! a! variable" p! value! of! 1.39x10K16.! Our! logistic! regression,! by!
comparison,!observed!a!variable!p!value!of!9x10K2.!!
!
Unlike! the! polygenic! investigations! conducted! by! the! ISC! and! IMSGC! (which! used! a!
disease! phenotype! as! both! their! discovery! and! target! sample),! our! study’s! discovery!
sample!(ENIGMA2!–!mostly!healthy!controls)!and!target!sample!(ILAE!–!epilepsy!patients!
and! healthy! controls)! were! not! phenotypically! matched.! Risk! scores! were! calculated!
using! variants! that!were! previously! associated!with! hippocampal! volume! in! a! healthy!
population!–!not! variants!associated!with! risk!of!epilepsy.!One!could,! therefore,!argue!
that!our!findings,!based!on!an!investigation!of!‘indirect’!polygenic!inheritance!in!epilepsy!
(via! geneticallyKmediated! alterations! in! hippocampal! volume),! cannot! properly! be!
compared!to!findings!from!more!‘direct’!investigations!of!polygenic!inheritance.!
!
Nonetheless,!our!findings!were!highly!inconsistent!from!one!score!panel!(i.e.!pT<0.01)!to!
the! next! (i.e.! pT<0.1),! indicating! a! greater! risk! of! ‘falseKpositive’! findings.! Under! a!
complex! polygenic! model! of! disease! risk,! statistical! significance! should! increase! as! a!
greater! number!of!more!nominal! SNPs! are! added! to! the! regression! (Purcell,! 2009).! In!
our! analysis,! the! statistical! significance! increased! as! we! weakened! our! threshold! to!
hippocampal!SNPs!with!p<0.05,!but!this!significance!decreased"as!we!further!weakened!
the!threshold!to!include!SNPs!with!p<0.1,!p<0.2,!p<0.4,!p<0.6,!p<0.8!and!p<1.0!–!overall!
illustrating! a! fluctuating! trend! of! statistical! significances!which! is! uncharacteristic! of! a!
true!polygenic!effect.!!
!
Findings!from!our!randomised!‘control’!analyses!cast!further!doubt!on!the!validity!of!our!
observed!polygenic!effect!at!p<0.05.!One!of!these!six!control!regressions,!all!conducted!
using!a!panel!of!randomly!selected!control!SNPs,!demonstrated!a!significant!association!
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of!comparable!statistical!significance!(p=0.005)!to!that!of!our!purportedly!polygenic!SNP!
panel! (p=0.009).! It! is! important! to!note! that,! after!adjusting! the!alpha! level!of!0.05! to!
0.008! to! correct! for! six! randomised! regressions,! this! randomised! finding! was! very!
borderline.! ! The! results! of! our! polygenic! risk! analysis! for! the! ‘all! epilepsy’! phenotype!
may!accordingly!represent!a!spurious!finding.!!
! !
Despite! the!high! likelihood! that! the!present!study!detected!a! ‘false!positive’!polygenic!
signal,! it! is!still!entirely!possible!that!such!a!signal!exists.!Our!analysis!may!simply!have!
been!underpowered!to!detect!the!effect.!The!Nagelkerke’s!R2!values!calculated!for!each!
regression!support!this!hypothesis,!indicating!that!our!risk!scores!explained!a!very!small!
proportion! (0%! to! 0.2%)! of! the! overall! variance! in! epilepsy! predisposition.! Epilepsy’s!
phenotypic! heterogeneity! and! highly! complex! genetic! architecture! will! likely! require!
analysis! of! a! much! larger! sample! (similar! to! the! 8,696! patients! and! 26,157! controls!
analysed! as! part! of! our! ILAE!GWAS!metaKanalysis)! of! specific! syndromic! subtypes! (i.e.!
lesional,!nonKlesional,!JME,!absence)!before!any!true!polygenic!effect!can!be!supported!
or!discounted.!As!we!will!discuss!in!section!4.4.3,!future!polygenic!SCORE!analyses!must!
account!for!these!phenotypic!heterogeneity!and!power!issues!by!employing!a!multiKsite,!
metaKanalytical!approach.!!
!
4.4.2."A"possible"‘trend’"towards"polygenicity"in"focal"/"generalised"subtypes""
We!accounted! for! the!phenotypic!heterogeneity! in!our!overarching!epilepsy!cohort!by!
segregating! it! into! specific! ILAEKdefined! subKgroups.! First,!we! examined! the! possibility!
that!hippocampal! variants!only!exert!a!polygenic!effect!on! focal! forms!of! the!disorder!
showing!localised!sites!of!seizure!onset.!This!revealed!a!suggestive!effect!(at!the!pT<0.05!
threshold)!when!we!grouped!all!focal!patients!together.!However,!this!‘focal’!subgroup!
was! still! highly! heterogeneous;! consisting! of! lesional! (TLEKMTS)! patients,! nonKlesional!
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(NLTLE)!patients!and!uncategorised,!or! ‘other’!focal!subtypes.!Similar!to!our!suggestive!
finding!at!pT<0.05!for!the!‘all!epilepsy’!analysis,!it!is!possible!that!this!simply!represented!
a!falseKpositive!finding.!
!
Therefore,! all! focal! epilepsies! were! further! subKdivided! into! lesional! and! nonKlesional!
subtypes.!Neither! the! lesional!nor!nonKlesional! subKphenotype!demonstrated!evidence!
of! a! polygenic! effect! for! ENIGMA2KHippocampus! variants.! This! result! was! somewhat!
surprising! as,! based! on! previous! clinical! and! experimental! evidence,! we! expected!
‘lesional’! epilepsy! subtypes! to!most! likely!be!effected!by!hippocampusKrelated!genetic!
variation.!However,!our!sample!size!was!very!low!(n!=!280)!–!likely!limiting!our!power!to!
detect!any!moderate!polygenic!signal.!!
!
Similarly,! we! investigated! the! effect! of! hippocampal! variants! on! forms! of! epilepsy!
encompassing! the! entire! cortex! (IGE)! and,! once! again,! failed! to! illustrate! a! significant!
polygenic! signal.! A! qualitative! observation! of! the! average! risk! score! for! patients! and!
controls!across!these!three!subtypes!(nonKlesional,!lesional!and!IGE)!suggested!that!their!
PRS!were! consistently! lower! than! their! larger! ‘all! epilepsy’! and! ‘all! focal’! counterparts!
(both!of!which!displayed!a!suggestive!polygenic!effect).!Accordingly,!it!is!possible!that!a!
larger! study! of! nonKlesional,! lesional! and! generalised! forms! of! epilepsy! could! yield!
sufficient!statistical!power!to!illustrate!a!true!polygenic!effect!of!hippocampal!variants.!
As! we! will! now! discuss,! a! collaborative! ‘meta! polygenic! analysis’! study,! involving!
multiple!ILAE!member!sites,!may!help!achieve!this!statistical!power.!!
!
4.4.3."Future"directions"
The! presented! work! has! helped! establish! a! framework! upon! which! future! research!
questions! on! polygenic! inheritance! and! aetiological! ‘overlap’! between! epilepsy! and!
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other! neurological! diseases! can! be! addressed.! One! of! the! most! important! issues! we!
intend! to! rectify! is! that!of! statistical!power.! The!methodology!applied! throughout! this!
chapter! has! been! expanded! into! a! protocol! that! is! to! be! disseminated! across! several!
ILAE!member! sites.! A! statistical! geneticist! at! each! site! will! execute! the!methodology;!
conducting!a!polygenic!risk!analysis!using!the!same!set!of!ENIGMA2!SNPs!at!the!pT<0.01,!
pT<0.05! and! pT<0.1! thresholds! on! their! own! sample! of! lesional,! nonKlesional! and!
generalised! epilepsy! cases! and! healthy! controls.! All! summary! statistics! (including! a!
variable! p! value,! z! score! and!Nagelkerke’s! R2)!will! be! forwarded! to! our! central! site! in!
Dublin,! Ireland.! Our! group! will! then! conduct! a! fixedKeffects! metaKanalysis! on! the!
summary!data.!Several!key!methodological!issues,!including!the!need!for!clarification!on!
the! enduring! phenotypic! ambiguity! between! ‘lesional’! and! ‘nonlesional’! forms! of!
epilepsy!will! be! addressed!before! commencing! this!metaKanalysis! (see! chapter!5! for! a!
comprehensive!MRI!assessment!of!lesional!versus!nonKlesional!epilepsies).!!!
!
This!broad!protocol!will! also!be!applied!as!part!of! two!other!major! ILAE!projects.! The!
first!will!involve!a!more!direct!investigation!into!the!polygenic!effect!of!nominal!epilepsy!
variants!(identified!in!the!ILAE!GWAS!discussed!throughout!chapter!2)!on!predisposition!
towards! specific! epilepsy! subtypes.! Lists! of! variants! that! nominally! associate!with! one!
form! of! epilepsy! (e.g.! focal! epilepsy)! will! be! related! to! disease! state! in! a! sample! of!
healthy!controls!and!an! independent! form!of!epilepsy! (e.g.! IGE).!This!may!highlight!an!
overlap!in!the!genetic!architecture!of!certain!epilepsy!subtypes.!The!second!major!ILAE!
project! that! will! use! our! polygenic! risk! protocol! (a! collaboration! with! the! Psychiatric!
Genomics!Consortium)!will!assess! the!collective!effect!of! ILAE!epilepsy!risk!variants!on!
other! neurological! disorders,! including! schizophrenia,! bipolar! disorder! and! migraine.!
This! work! is! currently! being! conducted! by! members! of! the! Psychiatric! Genomics!
Consortium.!Finally,!our!research!group!hopes!to!investigate!a!possible!polygenic!effect!
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exerted!by! variants! predisposing! to! volumetric! changes! in!other! subcortical! structures!
upon! epilepsy! predisposition.! As! illustrated! in! chapter! 3,! variants! predisposing! to! the!
volume!of!the!putamen!(and,!possible,!the!thalamus)!show!patterns!of!statistical!overlap!
with!ILAE!variants!that!warrant!further!investigation!using!a!polygenic!paradigm.!!
"
4.4.4."Conclusions""
The! conclusion! from! this! analysis! is! that! common! genetic! variants! influencing!
hippocampal! volume! do! not! appear! to! exert! a! polygenic! effect! on! (general)! epilepsy!
predisposition.! However,! our! study! had! limited! power,! an! issue! we! hope! will! be!
addressed!in!the!future.! If!variants!predisposing!to!changes! in!hippocampal!volume!do!
indeed!exert!a!polygenic!effect!on!epilepsy!in"general,!the!findings!of!the!present!study!
would! suggest! that! any! such! effect! is! very! weak.! Accordingly,! being! genetically!
predisposed!to!having!a!smaller!hippocampal!volume!does!not!appear!to!be!a!risk!factor!
for!epilepsy! in!a!broad!sense.!However,!a!qualitative! interpretation!of!our!average!risk!
scores! for! nonlesional,! lesional! and! idiopathic! generalised! forms! of! epilepsy! suggests!
that! it! may! be! easier! to! detect! a! polygenic! signal! in! a! more! specific,! phenotypically!
homogeneous! epilepsy! dataset.! By! conducting! a! larger! ILAEKwide! study! and! meta!
analysis!of!polygenic!risk!in!lesional,!nonlesional!and!generalised!forms!of!epilepsy,!it!is!
possible! that! we! could! identify! such! an! effect,! which,! in! turn,! could! enhance! our!
understanding!of!the!genetic!architecture!of!polygenicity!in!common!forms!of!epilepsy.!
!
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5.1.!Introduction!
Thus!far,!this!thesis!has!focused!on!the!genetics!of!common!epilepsies!–!revealing!three!
genomeKwide!significant!SNPs!across!a!heterogeneous!group!of!focal!(all!LREs,!lesional,!
nonlesional,! others)! and! generalised! (all! IGE,! JME,! absence)! epilepsies! (chapter! 2),! in!
addition! to! identifying!a! statistical! correlation!between!variants!highly!associated!with!
hippocampal/putamen!volume!and!epilepsy!risk!(chapter!3)!and!an! insignificant!(albeit!
trending)! polygenic! effect! of! hippocampal! variants! on! generalised,! lesional! and! nonK
lesional! epilepsies! (chapter! 4).! These! findings! may! contribute! to! our! general!
understanding!of! epilepsy’s! genetic! architecture,! but! their! specific! clinical! implications!
are! limited.! However,! this! view! could! change! as! we! expand! and! refine! phenotyping!
efforts!in!the!disorder.!!
!
In!this!context,!the!fineKscale!phenotypic!distinction!between!lesional!TLE!(TLEKMTS)!and!
nonlesional! TLE! (NLTLE)! remains! unclear.! Both! subtypes! have! similar! clinical! features,!
but! the! pathology! of! the! former! is! readily! observable! on! a! routine!MRI! examination!
(sclerosis! of! the! hippocampus),! whereas! the! anatomical! underpinnings! of! the! latter!
remain!indistinct!and,!as!of!yet,!poorly!characterised191K194.!This!narrow!understanding!of!
NLTLE!has,! in!part,!contributed!towards! the!significant!economic!costs!associated!with!
intractable!epilepsy32,195,!limited!the!surgical!candidacy!of!patients191!and!worsened!the!
postKsurgical!outcomes!of!eligible!patients196,197.!
!
Histopathological! studies! have! revealed! moderateKtoKhigh! incidences! of! focal! cortical!
dysplasia!(45%),!gliosis!(21%)!and!overlooked!hippocampal!sclerosis!(9%)!in!postmortem!
brains! of! NLTLE! patients,! but! these! abnormalities! are! usually! too! subtle! to! clinically!
detect!on!conventional!MRI! inRvivo198.!Quantitative!MRI!postKprocessing!methods!have!
revealed! marginally! reduced! volumes! of! the! bilateral! insula,! superior! temporal! gyri,!
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postcentral!gyri,!cingulate!gyri,!ipsilateral!thalamus168!and!ipsilateral!cerebral!cortex192!in!
NLTLE,!in!addition!to!significant!enlargements!of!the!ipsilateral!amygdala199,200.!Although!
these!histopathological!and!qMRIKinferred! results!offer! some! isolated! insights! into! the!
neuroanatomical! underpinnings! of! NLTLE,! there! is! no! consistent! finding! –! either!
phenotypically! or! through! medical! imaging! –! that! clearly! points! to! the! underlying!
aetiology!of!the!disorder.!!
!
Some!have! speculated! that! this! limited!understanding!of!NLTLE!at! the!neurobiological!
level!may!be!explained,! in!part,!by!the!research!community’s!continued!exploration!of!
epileptogenic! processes! at! the! level! of! ion! channels,! intracellular! processes,!
neurotransmission! functions,! transgenic! animal! models! and! brain! volmetrics! without!
considering!how!these!changes! collectively! contribute! towards! the!abnormal!neuronal!
synchronisation!observed!at!a!global! level! in!epilepsy201.!Many!epileptologists!continue!
to! probe! for! isolated! ‘hotspots’,! ‘epileptogenic! zones’,! ‘irritative! zones’! or!
‘sympomatogenic!zones’!without!considering!the!hypothesis!that!epilepsy! is!a!network!
disease! involving! subtle! damage! to! many! diffuse,! albeit! interconnected,! cortical! and!
subcortical!regions!at!the!systems!level202K204.!Experimental!focus!is!therefore!beginning!
to!shift!towards!techniques!that!investigate!functional!and!structural!connectivity!of!the!
entire! brain;! firstly,! by! mapping! all! nodal! connections! across! the! brains! of! healthy!
individuals! and! secondly,! by! examining! variances! within! these! nodal! connections! in!
disease!phenotypes! (such!as!epilepsy).!This!holistic! ‘map’!of! the!brain’s! connections! is!
referred!to!as!the!connectome,!whereas!its!emerging!field!of!experimental!investigation!
is!commonly!referred!to!as!‘connectomics’.!!
!
Connectomics! can! be! applied! at! both! a! wholeKbrain! level! (using! DTI! tractography,! T1!
covariance,! fMRI! and/or! EEG)! and! a! local! circuit! level! (using!microelectrodes,! cellular!
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Ca2+! measurements! and/or! optical! measurements! of! membrane! potential! (Vm))201.! As!
epilepsyKbased! connectomics! is! currently! in! its! infancy,!most! studies! have! focused! on!
the! wholeKbrain! technique.! For! example,! a! broad! body! of! fMRI! studies! has! revealed!
patterns!of!network!disruption!between!network!hubs!in!the!hippocampal!seizure!onset!
zone!(SOZ)!and!distal!hubs!connected!to!parts!of!the!default!mode!network!(DMN)205K207!
in! TLEKMTS! during! the! resting! state.! Morphological! covariance! connectomics! has!
indicated!similar!disruptions!between!the!SOZ!and!thalamus!in!both!TLEKMTS!and!NLTLE!
89,208.!!
!
DiffusionKbased! connectomics! is! arguably! the! most! direct! way! to! nonKinvasively!
characterise! structural! white! matter! connections! (also! known! as! fibres,! tracts,! or!
streamlines)! in! epilepsy! in" vivo." Previous! diffusion! connectomics! studies! have!
predominantly! focused! on! lesional! TLE;! revealing! patterns! of! seizureKinduced! axonal!
damage! leading! to! the! development! of! aberrant! connections! both! within209! and!
extending! beyond210,211! the! temporal! SOZ.! These! disturbances! are! particularly!
pronounced!along! the! thalamohippocampal!pathways177!and!are! thought! to!affect! left!
MTS!patients!more!profoundly! than!those!with! right!MTS212! (possibly!due!to!a!greater!
vulnerability!within! the! left,! languageKdominant! hemisphere,!whereby! epileptogenesis!
interferes!with!physiological!language!circuitry212).!
!
Despite! these! advances! in! epilepsy! connectomics,! our! understanding! of! how! the!
structural! connectome! becomes! damaged! in! localisationKrelated! epilepsies! (either!
lesional!or!nonKlesional)! is!still! in! its! infancy.!The!identification!of!both!(i)!common!and!
(i)! distinct! structural! connectome! disturbances! in! the! brains! of! TLEKMTS! and! NLTLE!
patients! may! lead! to! improved! prognostications! for! surgical! candidates! and,! overall,!
provide!a!more!integrative!biological!context!for!future!anatomical!insights!in!TLE.!!!
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Accordingly,! the! present! study! aims! to! improve! our! understanding! of! diffusionKbased!
connectomics!in!TLEKMTS!and!NLTLE.!The!specific!objectives!are!to:!!
(i)! Apply! diffusion! tensor! imaging! (DTI)! to! compare! the! number! of! streamlines!
interconnecting! cortical! and! subcortical! networks! in! 65! healthy! controls,! 40! NLTLE!
patients! and! 24! TLEKMTS! patients;! exploring! broad! network! patterns! in! each! epilepsy!
subtype,!
(ii)! Conduct! DTI! to! compare! the! voxelwise! fractional! anisotropy! (FA)! and! mean!
diffusivity! (MD)! profiles! of! these! three! test! groups,! testing! for! more! ‘subtle’! white!
matter!alterations!in!TLEKMTS!and!NLTLE,!and!
(iii)! Employ!quantitative!MRI!to!assess!whether!these!network!impairments!(if!any)!
are!correlated!with!volumetric!changes!at!their!hippocampal!sites!of!seizure!onset.!!
!
We! hypothesised! that! (i)! NLTLE! patients! and! (ii)! TLEKMTS! patients!would! both! exhibit!
significant!fibre!countKbased!connectivity!disruptions!when!compared!to!neurologically!
healthy!controls.!!
!
!
!
!
!
!
!
!
!
!
!
!
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5.2.!Methods!
#
5.2.1"Participants""
Healthy(controls:!SixtyKfive!rightKhanded,!neurologically!healthy!controls!were!recruited!
from! the! general! population.! No! significant! differences! were! observed! between! (i)!
healthy! controls! and! lesional! TLE! patients! or! (ii)! healthy! controls! and! nonlesional! TLE!
patients!in!terms!of!gender!or!age!at!time!of!scanning.!However,!a!significant!difference!
in!age!at!time!of!scanning!was!observed!between!the!lesional!and!nonKlesional!patient!
groups.!Age!and!gender!were!included!as!covariates!in!all!statistical!analyses.!!
!
Lesional( TLE:! TwentyKfour! rightKhanded! TLE! patients! with! confirmed! mesial! temporal!
sclerosis!(MTS!–!16!leftKsided!and!8!rightKsided)!were!recruited!from!clinics!at!St.!James’s!
Hospital,!Dublin!8!and!Beaumont!Hospital,!Dublin,!9.!!
(
Non0lesional(TLE:!Forty!rightKhanded!TLE!patients!with!‘normal’!clinical!MRI!findings!(no!
obvious! structural! abnormalities)! were! recruited! from! St.! James’s! Hospital,! Dublin,!
Beaumont! Hospital,! Dublin,! Cork! University! Hospital! and! Galway! University! Hospital.!
Sixteen!of!these!scans!were!referred!as!part!of!the!Rapid"Access!Clinic!(RAC).!The!RAC!is!
a! 2Kyear! initiative,! funded! by! the! Health! Service! Executive! (HSE)! and! overseen! by! Dr.!
Colin! Doherty,! allowing! neurologists! and! advanced! nurse! practitioners! from! the! four!
Irish! regional! adult! epilepsy! centres! to! rapidly! refer! acute! seizure! sufferers! for! a!
diagnostic! 3! Tesla! MRI! scan! at! the! Centre! for! Advanced!Medical! Imaging! (CAMI),! St.!
James’s!Hospital213,214.!
!
A! clinical! neurologist! reviewed! each! lesional! and! nonKlesional! patient’s! seizure!
semiology,! ictal/interKictal! electroencephalography! (EEG),! videoKtelemetry! findings!
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(where!available)!and!routine!MR!images!before!confirming!a!diagnosis!of!MTLE!based!
on! the! International! League! Against! Epilepsy! (ILAE)! guidelines24,215.! Patients! with! a!
positive!history!of!head! trauma!with! loss!of!consciousness! (LOC),! intracranial! infection!
or!prior!neurosurgery!were!omitted! from! the!analysis.! Side!of! seizure!onset! could!not!
reliably!be! inferred! from!EEG!findings! for!11!NLTLE!patients,!given!their! relatively!new!
diagnoses.!Mean!duration!of!epilepsy!was!19.98!years!in!the!TLEKMTS!cohort!and!15.29!
years!in!the!NLTLE!cohort.!!Full!patient!demographics!are!presented!in!table!27.!!
!
All! participants! provided! voluntary,! informed,! written! consent! and! the! study! was!
approved! by! both! the! Beaumont! Hospital! and! St.! James’s! Hospital! Medical! Research!
Committees! (with!adjunct!approval! from!Cork!and!Galway!University!Hospitals! for! the!
Rapid"Access!scanning)!under!Research!Ethics!Committee!reference!11/97.!Participants!
were! not! paid! to! volunteer! in! the! study,! although! they! were! offered! financial!
compensation!for!any!travel!expenses!incurred.!
!
Table(27:(Participant(demographics(
#
5.2.2."MR"Image"Acquisition""
All!MR! images!were! recorded!at! the!Centre! for!Advanced!Medical! Imaging! (CAMI),! St.!
James’s!Hospital,!Dublin,!using!a!3!Tesla!Philips!MRI!scanner!with!an!8Kchannel!head!coil.!
First,!180!axial!highKresolution!T1Kweighted!anatomic!SPGR!slices!(TE!=!3.8!ms,!TR!=!8.4!
Group( N( Mean( age( in(
years((SD)(
Female
:(Male(
Side( of( seizure(
onset((left:right)(
Mean( duration(
in(years((SD)(
Source(of(funding(
PhD(grant(|(Rapid(access(
TLEKMTS! 24! 38.63!(8.54)! 11:13! 16:8! 18.98!(12.71)! 23! 1!
NLTLE! 40! 33.79!(9.68)! 25:15! 16:13!!
(11!undetermined)!
15.29!(13.47)! 24! 16!
Controls! 65! 34.64!(9.65)!! 20:45! K! K! 65! 0!
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ms,! FOV! 230!mm,! 0.898! x! 0.898!mm2! inKplane! resolution,! slice! thickness! 0.9!mm,! flip!
angle!alpha!=!80)!were!acquired!to!allow!for!subsequent!spatial!normalization.!!
!
Second,!diffusion!tensor!images!were!acquired!by!applying!a!singleKshot!spinKecho!echoK
planar! imaging! (SE! EPI)! pulse! sequence!with! the! following!parameters:! field!of! view!=!
224x224x140mm,!70!axial!slices!at!1.75!x!1.75!mm2!inKplane!resolution!with!no!interslice!
gap,! slice! thickness! 2mm,! TE! =! 52ms,! TR! =! 12,786ms,! flip! angle! alpha! =! 90°,! 32!
noncollinear!directions!with!a!b!value!of!1000!s/mmK2.!!
#
5.2.3."DT"image"preRprocessing"
Diffusion! tensor! images! were! preKprocessed! using! version! 4.8.3! of! the! ExploreDTI!
graphical!toolbox216.!First,!data!were!converted!from!their!raw!Phillips!PAR/REC!format!
to! threeKdimensional,! 2x2x2mm,!MatlabKcompatible! .MAT!matrices.! Second,! diffusion!
tensors! were! estimated! using! a! least! squares! regressionKbased! ‘weighted! linear’!
algorithm,!which!accounted!for!signal!variability!produced!by!thermal!noise!by!including!
it!as!a!weighting!factor! in! its!tensor!fitting217.!Third,!we!corrected!for!head!motion!and!
cardiac!pulsation!effects!by!employing!a!robust"estimation"of"tensors"by"outlier"rejection"
(RESTORE)! algorithm218.! This! algorithm! also! corrected! for! possible! image! distortions!
induced! by! the! MRI! scanner’s! electrical! currents! (commonly! referred! to! as! Eddy!
currents).! BKmatrix! rotation! was! also! conducted! throughout! this! step! in! order! to!
correctly!preserve!the!orientation!information!of!each!image219.!Fourth,!we!performed!a!
quality!check!by!(i)!looping!through!all!32!directions!of!each!diffusion!image!to!examine!
possible! remaining! artefacts! and! (ii)! surveying! the! residual! and! outlier! profiles! and!
motion!correction!parameters!generated!by!ExploreDTI.!
#
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5.2.4."Examination"of"broad,"streamlineRbased"network"changes,"using"NBS"
We! used! the! Network! Based! Statistic! (NBS)220! toolbox! to! analyse! the! structural! brain!
networks! of! healthy! controls,! TLEKMTS! patients! and! NLTLE! patients.! NBS! employs! a!
graph! model! of! connectomics,! surveying! pairwise! relations! (or! links)! between! interK
regional! collections!of! neuronal! elements! (more! commonly! referred! to! as!nodes).! The!
number!of!WM!streamlines!interconnecting!two!nodes!is!typically!used!to!represent!the!
strength!of!a! structural! link.!CaseKcontrol! comparisons!of! link! strength!can!accordingly!
be!performed!across!all!brain!networks!using!pairwise!tKtests!and!corrected!for!familyK
wise! error! (FWE)! using! NBS’s! inKbuilt! multiple! hypothesis! correction! algorithm! (see!
Zalesky!et!al.,!2010220).!
!
For!the!first!stage!of!our!NBS!analysis,!we!subdivided!the!cortical!and!subcortical!regions!
into!a!set!of!116!nodes,!based!on!a!predefined,!gross!functional!subdivision!of!the!cortex!
known!as!the!automated!anatomical!labelling!(AAL)!atlas221.!Second,!we!used!ExploreDTI!
version!4.8.3216! to!reconstruct!millions!of!white!matter! fibres!approximating!the!entire!
network!of! axonal! fibres! in! the!brains!of!our! three! test! groups.!A! curvature! threshold!
was! set! to! ensure! that! white!matter! fibres! did! not! exceed! a! change! in! angle! of! 45O,!
whereas! a! seed! fractional! anisotropy! (FA)! threshold! was! set! at! 0.2! to! prevent!
reconstructed! fibres! from! entering! grey! matter! regions! (see! section! 6.2.4.! for! a! full!
account! of! this! deterministic! tractography! technique).! Following! deterministic!
tractography,!all!WM!fibres!were!represented!as!streamlines!in!threeKdimensional!space!
and! registered! to! the! AAL! atlas! template! in! standard!MNI! space.! Third,! we! used! the!
number! of! streamlines! passing! through! each! of! our! 116! brain! nodes! as! a! continuous!
measure!of!pairwise!association!(or!connectivity)!between!nodes.!This!was!achieved!by!
constructing!a!116x116!connectivity!matrix!of!fibre!counts,!which!we!will!refer!to!as!NFC.!
Each!row/column!of!NFC! represented!a!distinct!node.!The!number!of!streamlines! (and,!
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hence,! the! strength! of! association)! between! two! spatially! distinct! brain! regions! was!
stored!as!a!coordinate!(i,j)! in!the!matrix.!For!example,!position!(1,7)!gave!a!measure!of!
association!between!the!first! (left!precentral!gyrus)!and!seventh!(middle! frontal!gyrus)!
nodes!of!the!AAL!atlas.!!
!
(
(
(
(
Figure(63:(Example(of(the(first(16(rows(x(16(columns(of(a(116x116(connectivity(matrix.(
Matrix"was" imported" into"Matlab." The"measure"of" association" (15" interconnecting" streamlines)" is" the" same"at"elements"
(1,7)"and"(7,1)"because"both"elements"represent"the"number"of"streamlines"connecting"nodes"1"and"7"of"the"AAL"atlas."We"
instructed"NBS"to"only"draw"links"for"elements"greater"than"3.1.""
!
Fourth,! we! used! NBS! to! conduct! a! nonKparametric,! oneKsided! tKtest! comparing! nodal!
connections!between! (i)!TLEKMTS!patients!and!healthy!controls!and! (ii)!NLTLE!patients!
and!healthy!controls,!controlling!for!age!and!gender.!We!employed!a!oneKsided!tKtest!for!
both! analyses! as! we! hypothesised! that! patients! would! exhibit! significant! connectivity!
disruptions! compared! to! controls.!We! applied!NBS’s! default! tKtest! threshold! of!3.1! to!
each!element!in!each!participant’s!NFC!matrix!as!the!NBS!authors!recommend!3.1!as!the!
standard!statistical!threshold.!This!defined!a!sparse"graph;!instructing!NBS!to!only!infer!
links! between! nodal! pairs! with! test! statistics! (computed! during! the! oneKtailed! tKtest)!
greater! than! 3.1.! Links! exceeding! this! threshold! were! admitted! into! a! set! of! ‘supraK
threshold’! links.! Connected! components! within! this! set! of! supraKthreshold! links! were!
identified!using!Ahuja’s!breadth" first!mathematic! search!algorithm! (Ahuja!et!al.,! 1993)!
and! the! number! of! links! that! comprised! each! connected! component! (known! as! their!
size)! was! stored220.! The! size! of! each! connected! component! was! ascribed! an! FWEK
corrected! p! value! using! 10,000! independent! permutations.! In! each! permutation,! the!
group! to! which! each! participant! belonged! (TLE! patient! or! control)! was! randomly!
swapped.!TKstatistics!were!then!recalculated!and!those!exceeding!3.1!were!again!used!
to!define!a!set!of!supraKthreshold!links.!The!maximal!component!size!from!this!new!set!
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of!supraKthreshold! links!was!stored,!and!the!process!was!then!repeated!another!9,999!
times!to!create!a!null!distribution!of!maximal!component!sizes.!Our!original!p!value!for!a!
component! of! size! k" could! then! be! FWEKcorrected! by! estimating! the! total! number! of!
permutations!where! the!maximal! component! size!was! greater! than!k! and!normalising!
this!by!10,000.!!
#
5.2.5."PostRhoc"examination"of"‘subtle’"network"changes,"using"TBSS"
We!used!version!5.0.4!of!tractKbased!spatial!statistics!(TBSS!–!a!component!of!the!FMRIB!
software!library!(FSL))222!to!perform!a!postKhoc,!wholeKbrain!comparison!of!voxelwise!FA!
and! MD! values! between! (i)! TLEKMTS! patients! versus! healthy! controls! and! (ii)! NLTLE!
patients! versus! healthy! controls.! First,! the! FA! images! of! TLEKMTS! patients,! NLTLE!
patients!and!healthy!controls!were!aligned!to!a!FSL’s!inKbuilt,!highKresolution!2x2x2mm!
‘MNI152’! space! previously! generated! from! a! wellKaligned! reference! dataset! of! 58!
healthy!males!and!females!between!20!and!50!years!of!age.!Second,!all!standardKspace!
images! were! transformed! into! a! single! 4D! image.! Third,! this! 4D! image! was! used! to!
calculate! the!mean!of!all! FA! images,!which!was! subsequently!utlisied! to!create!a! tract!
skeleton! representatitve! of! the! central! points! of! all! tracts! common! to! patients! and!
controls.! For! the! fourth! and! final! phase,! each! participant’s! aligned! FA! image! was!
projected!onto!this!mean!FA!skeleton!and!the!resulting!‘mean!FA!skeleton’!was!fed!into!
TBSS’s!RANDOMISE!algorithm!for!the!purposes!of!voxelwise!statistics.!!
!
RANDOMISE!is!a!nonparametric,!permutationKbased!method!that!incorporates!a!robust!
thresholding! option! known! as! ‘threshold! free! cluster! enhancement’.! The! technique!
outputs! an! image!wherein! each! voxel’s! value! represents! the!weighted! sum!of! a! local,!
clustered! signal! without! prior! demarcation! of! signal! extent! or! specification! of! an!
arbitrary,! clusterKforming! threshold223.! We! generated! two! design! matrices;! the! first!
grouped! participants! into! either! a! TLEKMTS! or! healthy! control! group! and! the! second!
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grouped!participants! into!either!a!NLTLE!or!healthy!control!group.!We!then!used!each!
design! matrix! to! perform! voxelwise! statistics! using! 5,000! permutations! per! test.! MD!
images!were!also!registered!to!the!MNI152!standard!brain!space!using!identical!skeletal!
projection!vectors! to! those!of!FA! images.!All! skeletonised!MD! images! then!underwent!
TFCEKbased!voxelwise!statistics,!again!using!5000!permutations!per!test.!!
!
The!TFCE!method!employed!familyKwise!error!(FWE)!correction!to!account!for!multiple!
comparisons!across!brain!voxels.!These!FWEKadjusted!values!were,! in!turn,!BonferroniK
corrected!to!account!for!(i)!our!two!independent!cohort!analyses!–!lesional!TLE!patients!
versus! controls! and! nonlesional! TLE! versus! controls! and! (ii)! the! two! voxelwise! tensor!
measures!(FA,!MD).!The!final!alpha!level!was!accordingly!adjusted!to!0.0125!to!correct!
for!these!four!tests!(2!cohort!analyses!x!2!diffusion!metrics).!!
!
FA! and! MD! values! were! extracted! from! significant! clusters! for! further! graphic!
representation,!and!areas!of! significant!differences!were! identified!using! the! following!
FSL! tools:! the!HarvardKOxford!Structural!Atlas!and! the! JHU! ICBMKDTI!and! tractography!
atlases!(www.fmrib.ox.ac.uk/fsl/data/atlasKdescriptions.html#wm).#
"
5.2.6."Correlating"hippocampal"volume"with"network"strength"
In! order! to! extract! hippocampal! volumes! for! further! correlation! analysis,! we! used!
FreeSurfer!(FS)!version!4.5.0!to!preKprocess!our!raw!T1!images,!following!a!standardised!
FS!reconstruction!pipeline!previously!described!by!Dale!et!al.224!and!Fischl!et!al.225!First,!
our! raw,! twoKdimensional,! Phillips! DICOM! images! were! converted! into! threeK
dimensional! ‘nifti’! files,!comprised!of!256!coronal!slices!with!1x1x1mm!voxels.!Second,!
each! threeKdimensional! volume! was! affineKregistered! to! the! Talairach! and! Tournoux!
(1988)! brain! atlas.! Third,! we! normalised! variable! intensities! in! the! image! caused! by!
inhomogeneities!in!the!radiofrequency!field226.!Fourth,!we!estimated!the!B1"bias"field!(a!
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smooth,! lowKfrequency! signal! incurred! by! inhomogeneities! in! the! MR! scanner’s!
magnetic!fields)!by!measuring!variations! in!white!matter!(WM)!intensity!at!each!voxel.!
Fifth,! we! used! information! on! each! voxel’s! intensity! and! neighbor! constraints! (i.e.!
intensities!of! their! closest!voxels)! to!classify! them!as!either! ‘WM’!or! ‘nonKWM’! (figure!
64B).! The! intensity,! neighbor! constraints! and! overall! coordinates! of! each! voxel!within!
the! standardized! Talairach! space! were! then! used! to! differentiate! and! localize! each!
region.!!
((
Figure(64.!Example(of(three(stages(from(the(FreeSurfer(cortical(analysis(pipeline.((
A."skull"stripped"image."B."white"matter"segmentation."C."surface"between"white"and"gray"(yellow"line)"and"between"gray"
and"pia"(red"line)"overlaid"on"the"original"volume."Image"adapted"from"Dale"et"al.,"1999.224"
!
Sixth,!we!divided!the!intensity!of!each!voxel!by!its!estimated!B1"bias"field!to!remove!the!
potentially!corrupting!effect!of!this!bias!field.!Seventh,!we!extracted!the!skull!and!extraK
meningeal! tissues! (a! process! commonly! referred! to! as! ‘skull! stripping’)! using! a! hybrid!
watershed/surface! deformation! method! previously! described! by! Ségonne! et! al.227.!
Eighth,! we! used! cutting" planes! to! (i)! segregate! the! left! hemisphere! from! the! right!
hemisphere!and!(ii)!remove!the!brain!stem!and!cerebellum.!These!cutting!planes!were!
localised! using! the! Talairach! coordinates! of! the! corpus! callosum! and! pons! of! the!
brainstem.!!!!
!
Ninth,! we! conducted!WM! segmentation! (figure! 64B)! by! ‘tesselating’! (i.e.! ‘tiling’! small!
shapes! in!a!mosaic!pattern)!across! the!gray!matter! (GM)!and!WM!boundaries228,229.!FS!
automatically! tiled! across! all! estimated!WM! regions! in! the! left! and! right! hemispheres!
using!triangular!tessellations,!constructing!an!initial!surface.!This!initial!surface!was!then!
A! ! ! ! B! ! ! !!!!!C!
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deformed! in! line!with!the! intensity!gradients!between!GM!and!WM!regions.!Gradients!
at!which!the!greatest!shifts!in!intensity!occurred!were!assumed!to!indicate!a!transition!
from!one!tissue!class!(e.g.!GM)!to!another!(e.g.!WM).!Accordingly,!FS!used!these!regions!
of!dramatic!intensity!alteration!to!accurately!and!smoothly!define!the!borders!between!
GM! and!WM224,230,231.! Tenth,! we! delineated! the! pial! surface! by! adjusting! the!WM! to!
follow! the! intensities! between! the!GM!and! cerebreospinal! fluid.! Figure! 64C! illustrates!
the! WM! and! pial! surfaces! overlaid! on! our! original! T1! images.! The! average! distance!
between!the!WM!surface!and!its!closest!point!on!the!pial!surface!could!then!be!used!to!
extrapolate!cortical!thickness!measures231.!
!
Eleventh,!subcortical!volumes!were!calculated!using!a!process!called!ASEG.!ASEG!used!a!
builtKin!set!of!subjects!whose!brains!were!previously!assigned!neuroanatomical!labels!by!
hand!–!referred!to!as!a!‘training!set’87.!Each!label!was!transformed!into!Talairach!space!
to! facilitate! pointKtoKpoint! correspondence! between! the! training! set! and! our!
patient/control! groups.! The! probability! that! each! point! in! our! subject! group!
corresponded!to!its!anatomical!label!in!the!training!set!was!calculated!across!all!voxels.!
An!algorithm!referred!to!as!the!neighborhood"function"then!estimated!the!probability!of!
these! points! truly! belonging! to! their! given! labels! by! comparing! them! to! their!
surrounding! voxels;! overall,! assessing! whether! they! form! a! neuroanatomically! logical!
cluster!or!a!more!random!configuration.!Each!point!was!assigned!a!quantitative!estimate!
of! this! probability,! referred! to! as! a! probability" distribution,! overall! representing! the!
intensity!at!this!voxel.!Finally,!we!estimated!subcortical!volumes!by!calculating!the!sum!
of!all! voxels!within!a! region!of! interest! (e.g.! the!hippocampus)!and!multiplying! this!by!
the!voxel!dimensions!(1x1x1).!!
!
Volume! measures! for! the! hippocampus,! both! ipsilateral! and! contralateral! to! each!
patient’s!side!of!seizure!onset,!were!exported!to!SPSS!and!correlated!with!a!quantitative!
measure! of! connectivity! strength! across! impaired! networks! in! TLEKMTS! and! NLTLE!
patients! using! a! series! of! bivariate,! twoKtailed! Pearson’s! R! tests.! This! quantitative!
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measure! of! connectivity! strength! incorporated! the! number! of! streamlines! connecting!
two! nodes! within! an! impaired!NFC! network,! averaged! across! all! significantly! impaired!
nodal! connections!within! this! network.! 10!NLTLE!patients!with! undetermined! sides! of!
seizure!onset!were!omitted!from!this!correlation!analysis.!A!further!two!NLTLE!patients!
with!poorly!segmented!hippocampi!were!excluded,!leaving!us!with!a!final!NLTLE!sample!
size! of! N=29.! Four! TLEKMTS! patients!were! also! excluded! from! the! lesional! correlation!
analysis!due!to!poor!hippocampal!segmentation,!bringing!our!total!TLEKMTS!sample!size!
to!N=20.!!
!
Across!our!TLEKMTS!cohort,!two!correlations!were!conducted,!testing!for!an!association!
between! (i)! ipsilateral! hippocampal! volume! and! overall! connectivity! strength! of! a!
significantly!impaired!fibreKcount!based!network!(NFC)!and!(ii)!contralateral!hippocampal!
volume! and!NFC! connectivity! strength.! The! typical! alpha! level! of! 0.05!was! adjusted! to!
0.025!to!correct!for!these!two!tests.!!An!independent!pair!of!correlations!was!conducted!
across! our! NLTLE! cohort,! again! investigating! the! associated! between! (i)! ipsilateral!
hippocampal! volume! and!NFC! connectivity! strength! and! (ii)! contralateral! hippocampal!
volume!and!NFC!connectivity!strength.!Once!again,!our!alpha!level!was!adjusted!to!0.025!
to!correct!for!these!two!tests.!
!
Finally,!as!part!of!a!postKhoc,!exploratory! investigation,!we!conducted!a! series!of!oneK
way!Pearson’s!correlations!to!test!for!a!negative!association!between!disease!duration!
and!network! connectivity! strength! in! TLEKMTS! and!NLTLE.! For! TLEKMTS,!we! tested! for!
this!correlation!across!3!impaired!connections!((i)!hippocampus!to!thalamus,!(ii)!caudate!
to! thalamus! and! (iii)! overall,! averaged! connectivity! strength! between! these! three!
nodes),!so!our!alpha!level!was!adjusted!to!0.05/3=0.0166.!For!NLTLE,!we!also!tested!this!
correlation! across! 3! impaired! connections! ((i)! amygdala! to! thalamus,! (ii)! caudate! to!
thalamus!and! (iii)!overall,!averaged!connectivity! strength!between!these! three!nodes),!
again!adjusting!our!alpha!level!to!0.05/3=0.0166.!!
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5.3.!Results!
5.3.1."StreamlineRbased"connectivity"impairments"in"LESIONAL"TLE"
A!oneKtailed!NBS!tKtest!revealed!a!network!of!impaired!connectivity!between!the!
hippocampus,! caudate! and! thalamus! in! the! left! hemisphere! of! lesional! TLE!
patients!(p=0.0002).!!
!
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Figure(65:(Sagittal,(coronal(and(axial(views(of(a(significantly(impaired(streamline(network(in(lesional(TLE(patients.(
(
Table(28:(Significantly(impaired(streamline(networks(in(lesional(TLE(
Network( P(( Nodes( Edges( Edge(labels( T0stat(
1! 0.0002! 3!
!
2!
!
Hippocampus![L]!to!Thalamus![L]!
Caudate![L]!to!Thalamus![L]!
3.14!
4.0!
Table&Legend:&Each&row&represents&a&network&where&lesional&TLE&patients&and&healthy&controls&significantly&differed&in&
terms&of&the&number&of&streamlines&connecting&each&node.&P&=&p&value&from&the&oneEtailed&NBS&tEtest.&Nodes&=&number&of&
neuronal&components&in&the&network.&Edges&=&number&of&links&connecting&a&pair&of&nodes.&Edge&labels&=&neuroanatomical&
labels&assigned&to&the&start&(node&1)&and&end&point&(node&2)&of&each&edge.&TEstat&=&tEstatistic,&calculated&using&a&oneEtailed&
NBS&tEtest,&for&each&link&in&the&network.&&
&
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5.3.2."StreamlineRbased"connectivity"impairments"in"NONLESIONAL"TLE""
A!oneKtailed!NBS!tKtest!revealed!a!network!of!impaired!connectivity!between!the!
amygdala,! caudate! and! thalamus! in! the! right! hemisphere! of! nonlesional! TLE!
patients!(p=0.003).!!
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Figure(66:(Sagittal,(coronal(and(axial(views(of(a(significantly(impaired(streamline(network(in(nonlesional(TLE(patients.((
Created"using"BrainNetViewer."
(
Table(29:(Significant(impaired(streamline(networks(in(nonlesional(TLE((
Network( P(value( Nodes( Edges( Edge(labels( T0stat(
1! 0.003! 3! 2! Amygdala![R]!to!Thalamus![R]!
Caudate![R]!to!Thalamus![R]!
3.89!
3.93!
Table# Legend:" Each" row" represents"a"network"where"nonlesional" TLE"patients"and"healthy" controls" significantly"differed" in" terms"of" the"
number"of"streamlines"connecting"each"node."P"="p"value"from"the"oneRtailed"NBS"tRtest."Nodes"="number"of"neuronal"components"in"the"
network."Edges"="number"of"links"connecting"a"pair"of"nodes."Edge"labels"="neuroanatomical"labels"assigned"to"the"start"(node"1)"and"end"
point"(node"2)"of"each"edge."TRstat"="tRstatistic,"calculated"using"a"oneRtailed"NBS"tRtest,"for"each"link"in"the"network.""
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5.3.3."PostRhoc"wholeRbrain"TBSS"analysis"of"FAR"and"MDRbased"connectivity""
We! used! TBSS! to! conduct! four! postKhoc! investigations! of! possible! FAK! and!MDKbased!
disturbances!of!the!WM!tracts!connecting!network!nodes.!The!first!analysis,!comparing!
the! wholeKbrain! FA! diffusion! profiles! of! TLEKMTS! patients! to! those! of! neurologically!
healthy! controls,! revealed! a! widespread,! highly! significant! pattern! of! FA! decreases! in!
TLEKMTS,!encompassing!the!majority!of!the!mean!FA!tract!skeleton,!p<0.00001:!
!
!
!
!
!
!
!
!
!
Figure(67:(TBSS(results((TLE0MTS(vs.(CONTROLS;(FA)(
"Left:" ThreeGdimensional" reconstruction" indicating" regions" of" reduced" FA" in" TLEGMTS" (red)" overlaid" on" a" mean" tract"
skeleton" (green)." Right:" Regions"of" reduced" FA" (red)" illustrated"across" a" series" of" axial" brain" slices." Image" created"using"
MRICrogl."
!
!
!
A!second,! independent!comparison!of!MD!diffusion!profiles!between!TLEKMTS!patients!
and! controls! identified! a! similar! pattern! of! highly! diffuse,! significant! MD! increases!
encompassing!most!of!the!tract!skeleton!(p<0.00001):!
!
!
!
!
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Figure(68:(TBSS(results((TLE0MTS(vs.(CONTROLS;(MD)(
Left:" ThreeGdimensional" reconstruction" indicating" regions" of" increased"MD" in" TLEGMTS" (blue)" overlaid" on" a" mean" tract"
skeleton"(green)."Right:"Regions"of"increased"MD"(blue)"illustrated"across"a"series"of"axial"brain"slices."Image"created"using"
MRICrogl."
!
A! third! analysis,! comparing! the! FA! diffusion! profiles! of! NLTLE! patients! and! healthy!
controls,!revealed!significant!FA!reductions!across!the!corpus!callosum,! inferior!frontoK
occipital! fasciculus! and! parts! of! the! superior! longitudinal! fasciculus! and! corticospinal!
tract!(p<0.0001):!
!
!
!
!
!
!
!
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(
Figure(69:(TBSS(results((NLTLE(vs.(CONTROLS;(FA)(
Left:!ThreeKdimensional!reconstruction!indicating!regions!of!reduced!FA!in!NLTLE!(red)!overlaid!on!a!mean!tract!skeleton!
(green).!Right:!Regions!of!reduced!FA!(red)!illustrated!across!a!series!of!axial!brain!slices.!Image!created!using!MRICrogl.!
!
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A! fourth! and! final! analysis! of! wholeKbrain! MD! alterations! across! NLTLE! patients! compared! to!
healthy! controls! did! not! reveal! any! significant! differences! after! correction! for! multiple!
comparisons,!p>0.0125.!!
!
Table( 30:( TBSS( results,( listing( the( approximate( locations( where( epilepsy( patients( (either( TLE0MTS( or(
NLTLE)(exhibited(significant(voxelwise(WM(alterations((as(measured(by(FA/MD)(compared(to(controls((
Cohort( Measure( Voxels( P(value( Significantly(impaired(white(matter(tracts(
TLEKMTS! FA! 78,923! 0.00001! Body,!forceps!major,!forceps!minor!of!corpus!callosum!
Superior!longitudinal!fasciculus!(L!&!R)!
Inferior!longitudinal!fasciculus!(L!&!R)!
Inferior!frontoKoccipital!fasciculus!(L!&!R)!
Fornix!(L!&!R)!
Corticospinal!tract!(L!&!R)!
Anterior!thalamic!radiation!(L!&!R)!
TLEKMTS! MD! 104,547! 0.00001! Body,!forceps!major,!forceps!minor!of!corpus!callosum!
Superior!longitudinal!fasciculus!(L!&!R)!
Inferior!longitudinal!fasciculus!(L!&!R)!
Inferior!frontoKoccipital!fasciculus!(L!&!R)!
Cingulum!(L!&!R)!
Corticospinal!tract!(L!&!R)!
Anterior!thalamic!radiation!(L!&!R)!
Optic!radiation!(L!&!R)!
NLTLE! FA! 50,870! 0.0001! Body,!forceps!major,!forceps!minor!of!corpus!callosum!
Superior!longitudinal!fasciculus!(L!&!R)!
Inferior!frontoKoccipital!fasciculus!(L!&!R)!
Corticospinal!tract!(L!&!R)!
Table# Legend:"Cohort"=" the"cohort"being"compared"to"our"set"of"65"healthy"controls" in"TBSS."Measure"="diffusion"
tensor" metric" under" voxelwise" investigation." Voxels" =" the" size," in" 1x1x1mm" voxels," of" any" significantly" impaired"
FA/MD"clusters."P" value"="FWERcorrected" "p" value" from"TBSS’s" voxelwise" comparison"of" FA/MD"values"across" the"
brains"of"patients"and"controls."""
!
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5.3.4."Correlations"between"network"connectivity"and"hippocampal"volume""
Using! FreeSurfer! 4.5.0! and! SPSS! v21,! we! performed! a! series! of! twoKway,! bivariate!
Pearson’s! correlations! to! investigate! the! relationship! between! ipsilateral! and!
contralateral!hippocampal!volumes!and!fibreKcountKbased!connectivity!strength!(NFC)!in!
TLEKMTS!and!NLTLE!patients.!!
!
5.3.4.1."Hippocampal"volume"&"network"connectivity"in"TLERMTS"
A!twoKway!Pearson’s!correlation!revealed!a!significant,!positive!association!between!the!
volume! of! the! contralateral! hippocampus! and! the! strength! of! our! NFC! connectivity!
network! in! TLEKMTS! patients,! r=0.607,! p=0.005,! n=20.! A! second! investigation! of! the!
relationship!between!NFC!connectivity! strength!and! ipsilateral!hippocampal! volume!did!
not!reveal!a!significant!association!between!the!two,!r=0.442,!p=0.064,!n=20.!!
!
5.3.4.2."Hippocampal"volume"&"network"connectivity"in"NLTLE"
An! independent,! twoKway! Pearson’s! correlation! revealed! a! significant,! positive!
correlation!between!contralateral!hippocampal!volume!and!NFC!connectivity!strength!in!
NLTLE!patients,!r=0.534,!p=0.003,!n=29.!A!second!twoKway!Pearson’s!correlation!did!not!
identify! any! significant! association! between! NFC! connectivity! strength! and! ipsilateral!
hippocampal!volume,!r=0.239,!p=0.231,!n=29.!!
!
!
5.3.4.3."Correlations"between"network"connectivity"and"duration"of"epilepsy"""
As! a! postKhoc,! exploratory! analysis,! we! employed! a! series! of! oneKtailed! Pearson’s!
correlations!to!test!for!a!negative!association!between!duration!of!epilepsy!and!network!
connectivity! strength.! In! TLEKMTS,! we! identified! a! suggestive,! negative! correlation!
between!duration!of!epilepsy!and!NFC!connectivity!from!the!thalamus!to!the!caudate!(r=!
K.366,! p=.039),! However,! these! suggestive! correlations! did! not! survive! Bonferroni!
correction! for! multiple! comparisons,! p>0.0166.! An! independent! set! of! Pearson’s!
correlations! in! NLTLE! did! not! reveal! any! significant! associations! between! duration! of!
epilepsy!and!NFC!connectivity,!p>0.05.!!!
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5.4.!Discussion!
5.4.1."Impaired"basal"ganglia"connectivity"in"TLERMTS"and"NLTLE"
The! present! study! employed! a! series! of! oneKtailed! NBS! tKtests! to! investigate! possible!
disruptions!of!network"connectivity!in!TLEKMTS!patients!and!NLTLE!patients.!In!our!first!
analysis! of! macroscopic! NFC! connectivity,! all! significant! network! impairments! were!
isolated! to! the! limbic! regions:! TLEKMTS! patients! demonstrated! significantly! disrupted!
connectivity!between!the!left!thalamus,!left!hippocampus!and!left!caudate,!while!NLTLE!
patients!demonstrated! significantly! impaired!connectivity!between! the! right! thalamus,!
right!amygdala!and!right!caudate.!!
!
The!thalamus!and!caudate!–!implicated!in!both!our!lesional!and!nonKlesional!networks!–!
form! a! substantial! part! of! the! basal! ganglia.! The! basal! ganglia! is! known! to! exert! an!
inhibitory! effect! on! cortical! epileptoform!oscillations! via! its! feedback! pathways! to! the!
cortex232;!acting!as!an!obstacle! to! further! ictal!activity! in!epilepsy174.!Chronic! temporal!
epileptogenesis! is! associated!with! abnormal! corticoKthalamic! plasticity233,234! and! intraK
basal!connectivity!alterations235;!suggesting!that!frequent!temporal! lobe!epiletogenesis!
can! impair! thalamic! seizure! inhibition! over! time.!Our! analysis! appears! to! support! this!
hypothesis,! suggesting! a! negative! correlation! between! duration! of! epilepsy! and! intraK
basalKganglia! connectivity! in! TLEKMTS! (although! this! correlation! was! not! observed! in!
NLTLE,!possibly!due!to!the!greater!number!of!newlyKdiagnosed!patients!in!the!cohort).!!
!
NFC! connectivity! was! also! significantly! disrupted! between! the! thalamus! and! the!
hippocampus!in!TLEKMTS,!supporting!previous,!DTIKinferred!evidence!of!WM!disruption!
along! the! thalamoKhippocampal! pathway! in! lesional! TLE177,236.! A! similar! pattern! of!
impaired!limbic!connectivity!was!observed!between!the!basal!ganglia!structures!and!the!
amygdala! in! NLTLE.! The! amygdala! lies!within! the!anterioRmesial! temporal! region;! the!
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most! common! SOZ! and! surgical! resection! target! in! TLE197.! NLTLE! is! associated! with!
significant!enlargements!of!the!amygdala199,200,237,238!and!is!theorised!to!involve!an!extraK
hippocampal!pathophysiological!aetiology191.!!
!
This! fibreKcountKbased!analysis!appears!to!suggest!that!both!TLEKMTS!and!NLTLE!share!
common! connectivity! disruptions! between! the! thalamoKstriate! regions! and! mesial!
temporal! structures.! The! brain! hemisphere! and! specific! nodes! involved! in! these!
disrupted! connectomes! varied! from! TLEKMTS! (hippocampusKcaudateKthalamus,! left!
hemisphere)! to!NLTLE! (amygdalaKthalamusKcaudate,! right!hemisphere).!Further!studies!
segregating! patients! into! leftK! and! rightKsided! TLE! may! shed! light! on! the! biological!
significance! of! these! lateralisation! effects,! whereas! localKcircuitryKbased! investigations!
of! hippocampal! and! extraKhippocampal! connectivity! may! help! establish! whether! the!
amygdala! plays! a! more! prominent! role! than! the! hippocampus! in! NLTLE! connectivity!
networks.!!
!
5.4.2."FA"and"MD"alterations"are"more"widespread"in"TLERMTS"
A!postKhoc,!wholeKbrain,!voxelwise!TBSS!analysis!revealed!a!widespread!pattern!of!WM!
alterations! in! TLEKMTS! and! NLTLE! patients.! The! former! cohort! demonstrated! highly!
diffuse! FA! and! MD! alterations;! extending! across! fibres! connecting! the! posterior! and!
anterior! regions! of! the! brain! both! above! (SLF),! below! (ILF,! IFOF),! between! (corpus!
callosum)! and!within! (cingulum,! fornix)! temporal! regions,! as!well! as! fibres! connecting!
superior! and! cerebellar! regions! (CST).! By! contrast,! NLTLE! patients! manifested! more!
specific! FA! alterations! along! tracts! connecting! temporal! regions! with! inferior! frontal!
(IFOF),!contralateral!(corpus!callosum)!and!cerebellar!regions!(CST),!in!addition!to!small!
segments!of!the!SLF!in!close!proximity!to!the!parietal!lobe.!!
!
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Extensive!WM!atrophy!is!a!wellKestablished!pathological!feature!of!TLEKMTS,!previously!
reported!using!qMRI168,239,240!and!DTI.!Recent!diffusionKbased!connectomics!studies!have!
illustrated!widespread!network!alterations!across!both!the!left!and!right!hemispheres!of!
unilateral!TLEKMTS!patients,!suggesting!that!TLE!is!a!bilateral!network!disorder210,211.!The!
results! of! the! present! study,! which! employed! two! independent! investigations! of!WM!
microstructural! connectivity! (NBS! and! TBSS)! in! TLEKMTS,! appear! to! support! this!
hypothesis.! However,! as! we! considered! leftK! (n=16)! and! rightK! sided! (n=8)! TLEKMTS!
patients! as! one! group,! future! studies! segregating! larger! groups! of! left! and! right! TLE!
patients!into!independent,!‘unilateral’!analyses!are!recommended!in!order!to!determine!
the!true!extent!of!this!bilateral!network!disruption.!!
!
Previous!comparative!investigations!of! lesional!and!nonKlesional!TLE!have!revealed!less!
widespread!diffusion!alterations! in!NLTLE,!which!are!usually! isolated! to! the! limbic!and!
callosal! regions241,242.! The! present! study! –! the! first,! to! our! knowledge,! to! apply! DTI!
connectomics! in! a! nonKlesional! cohort! –! has! expanded! upon! these! prior! insights! by!
illustrating! FA! alterations! extending! beyond! the! typicallyKimplicated! temporal! SOZ!
(hippocampus,!amygdala,!fusiform!gyrus)!towards!distal,!inferior!brain!regions!involved!
in! motor! control! (precentral! gyrus,! cerebellum),! somatosensory! perception! (superior!
parietal!gyrus),!visual!processing!(inferior!occipital!gyrus,!lingual!gyrus)!and!higherKorder!
cognitive! functions! (medial! orbital! gyrus! of! the! frontal! lobe).! These! findings! provide!
support! for! the! hypothesis! that! nonKlesional! epilepsy! is! a! network! disorder! involving!
subtle! disruptions! to! diffuse,! albeit! interconnected! cortical! and! subKcortical! brain!
regions.!!
!
5.4.3."Contralateral"hippocampal"volume"correlates"with"NFC"connectivity""
A! series! of! twoKway! Pearson’s! correlations! revealed! a! significant,! positive! association!
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between! contralateral! hippocampal! volume! and! (i)! network! connectivity! strength!
between! the! striatum! and! hippocampus! in! TLEKMTS! patients! and! (ii)! network!
connectivity! strength! between! the! striatum! and! amygdala! in! NLTLE! patients.! These!
findings!may! suggest! that,! as! structural! connectivity! between! the!mesialKtemporalKtoK
thalamoKstriatal!areas!becomes!more!profoundly!disturbed!in!TLEKMTS/NLTLE!patients,!
their!contralateral!hippocampi!may!also!decrease!in!overall!volume.!Future!longitudinal!
qMRI! studies! could! explore! this! speculated! vulnerability! of! the! contralateral!
hippocampus!in!TLEKMTS!and/or!NLTLE.!!
!
5.4.4."Limitations"and"future"directions"
Potential! replications! of! the! presented! work! should! note! a! number! of! crucial!
methodological!limitations.!First,!as!connectomics!is!still!an!emerging!field,!the!research!
community! has! yet! to! establish! a! ‘standardised’! means! to! weight! anatomical!
connections.! The!present! study! assigned!network!weightings! based!on! the!number!of!
streamlines! connecting! two!AAL! nodes.! However,! these! network!weightings!were! not!
normalised! for! potentially! confounding! variables! including! tract! length,! gray! matter!
node! size! or! betweenKsubject! variability! in! brain! volume! –! all! of! which! have! been!
included! as! covariates! in!more! recent! connectomics! analyses243.! Alternative!means! of!
network!weighting!(for!example,!using!tract!density244)!have!shown!more!reliable!testK
test!reliability!of!structural!network!connections.!Second,!although!the!present!analysis!
identified! a! number! of! anatomically! feasible! connections! (between! the!
hippocampus/amygdala,!thalamus!and!caudate),! future! investigations!should!note!that!
certain! tractography!methods!may! generate! false! connections243.! Pruning! of! spurious!
connections! based! on! prior! knowledge! of!WM!anatomy243! is! therefore! recommended!
for!all!prospective!followKup!studies.!Third,!although!the!present!study!analysed!a!highK
quality,! 32Kdirection! diffusion! tensor! dataset,! some! diffusionKbased! connectomics!
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papers!have!adopted!a!probabilistic!method!of!tract!reconstruction;!which!considers!all!
possible! streamlines! connecting! two! points,! rather! than! the! deterministic!method!we!
applied!in!the!current!study;!which!maps!a!single,!biKdirectional!pathway!in!line!with!the!
main! direction! of! water! diffusion245,246.! Many! have! argued! that! the! probabilistic!
approach!allows!for!a!more!accurate!reconstruction!of!crossing!fibres,!while!others!have!
insisted! that! false! positives! and! false! negatives! are! just! as! problematic! using! the!
probabilistic!approach247.!Nonetheless,!prospective!diffusion!connectomics!studies!may!
consider!the!probabilistic!method!as!a!viable!alternative!to!our!deterministic!technique.!!
!
Fourth,!as!we!considered!our!lesional!and!nonKlesional!epilepsy!patients!as!two!distinct!
test!groups,!the!TLEKMTS!sample!size!was!relatively!small!and,!overall,!our!groups!were!
arguably! unbalanced! (3! groups;! 24! lesional! TLE! patients,! 40! nonKlesional! TLE! patients!
and!65!healthy!controls).!Recruitment!of!TLE!patients!satisfying!our!stringent! inclusion!
criteria! (no! prior! head! trauma,! neurosurgery! or! intracranial! infection)! proved!
particularly!difficult!for!the!TLEKMTS!cohort,!as!this!population!often!presents!with!one!
(or! multiple! instances)! of! these! features.! However,! future! studies! should! attempt! to!
recruit! a! greater! number! of! lesional! TLE! patients! in! order! to! ensure! balance! between!
groups.!Fifth,!the!NBS!software!package!recommends!a!default!test!statistic!threshold!of!
t=3.1,! without! providing! a! statistical! justification! for! such! threshold.! Our! results!
remained! significant! when! this! threshold! was! increased! to! t=3.2;! however,! future!
studies! should! note! this! arbitrariness! as! a! limitation! of! the! NBS! package.! Sixth,!
replication! studies! may! consider! removal! of! subcortical! AAL! nodes! during! network!
reconstruction,!as!they!are!known!to!have!low!FA211.!Seventh,!some!may!argue!that!the!
Bonferroni!technique!is!an!overly!stringent!means!to!correct!for!multiple!comparisons!in!
TBSS.!Future!studies!may!consider!alternative!correction!methods!such!as!FDR.!!
In! addition! to! addressing! the! aforementioned! methodological! limitations,! future!
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investigations! could! improve! upon! the! presented! work! by! exploring! other! clinically!
relevant!phenomena!in!TLEKMTS!and!NLTLE.!For!example,! leftK!and!rightKsided!patients!
could! be! segregated! into! separate! test! groups! in! order! to! directly! assess! network!
connectivity! alterations! ipsilateral! and! contralateral! to! the! side! of! patients’! seizure!
onset.! Prospective! studies! could! also! test! for! an! association! between! network!
connectivity! and! subcortical! structures! beyond! the! hippocampus,! including! the!
amygdala! and! thalamus.! Moreover,! the! precise! origin! of! any! potential! network!
impairments! could! be! investigated! longitudinally.! For! example,! it! is! possible! that! preK
existing! hippocampalKstriatal! NFC! connectivity! impairments! (in! TLEKMTS)! and/or!
amygdalaKstriatal!NFC!connectivity! impairments! (in!NLTLE)!predispose! towards! frequent!
epileptic! seizures,! which,! in! turn,! contribute! towards! pronounced! FA! and! MD!
impairments! extending! beyond! the! temporal! regions.! Alternatively,! these! network!
alterations! could! simply! be! a! consequence! of! recurrent! epileptogenesis.! A! more!
sophisticated! longitudinal! investigation!of!newly!diagnosed!TLE!patients,!coKvarying!for!
seizure!frequency!and!severity,!would!be!required!in!order!to!explore!these!hypotheses.!!
!
Finally,! the! work! presented! in! this! chapter! encompasses! a! multiKmodal! case/control!
investigation! of! network! changes! in! TLE,! integrating! aspects! of! qMRI,! wholeKbrain!
voxelwise!diffusion! tensor!analysis! and!networkKbased! statistics.!However,! the! field!of!
connectomics! continues! to! progress! towards! more! topological! interpretations! of!
network! data.! This! topological" approach! integrates! mathematic! concepts! like! ‘graph!
theory’! to! quantitatively! describe! higherKorder! characteristics! of! overall! network!
geometrics.! Previous! topological! investigations! have! shown! that! TLE! patients! display!
more! ‘regular’! network! topologies! (greater! connectedness! between! local! regions,! but!
less! connectedness! between! diffuse! regions)! which! tend! to! intensify! over! time! 248K250.!
We!intend!to!apply!a!series!of!topological!investigations!in!our!NLTLE!cohort!as!part!of!a!
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followKup!investigation.!!
!
5.4.5."Clinical"implications"
Structural!connectomics! is!an!emerging!framework!that!aims!to!combine!MRI!with!the!
analytical! tools!of!network!science251.!Characterisation!of!variability!across! the!healthy!
and!diseased!connectome!has!been!advocated!as!a!potentially!important!tool!in!future!
diagnostics!and!therapeutics251.!However,!the!field!of!connectomics!is!still!very!much!in!
its! infancy!and! the!present! connectomics!analysis! suffers! from!several!methodological!
limitations,!as!discussed!in!section!5.4.4.!As!such,!the!findings!of!the!present!study!are!
unlikely! to! have! any! pertinent! impact! on! the! future! clinical! treatment! of! epilepsy.!
Nonetheless,! they! provide! preliminary! support! for! one! fundamental! hypothesis!
regarding! the! illness:! that! it! is! a! network! disorder,! involving! white!matter! alterations!
extending! beyond! the! amygdala! and! hippocampus! towards! distal! occipital,! parietal,!
precentral!and!cerebellar!regions.!As!the!field!of!connectomics!refines!and,!eventually,!
standardises! means! to! identify! pathological! biological! networks! in! epilepsy,! surgical!
interventions! in! epilepsy! may! eventually! expand! from! amygdalohippocampectomy!
therapy! (an! invasive! technique! which! is! commonly! recommended! for! refractory,!
nonlesional! forms!of!TLE252,253)! towards!disconnection! surgeries!designed! to! target!and!
interrupt!points!along!epileptogenic!networks202!(which!may!serve!as!a!less!invasive!and!
potentially!more!successful!therapeutic!alterative!to!resection!techniques).!!
!
This!study!has!illustrated!distinct!neuroanatomical!disturbances!in!nonKlesional!forms!of!
TLE.!These!connectivity!disturbances!are!less!widespread!in!NLTLE!patients!compared!to!
TLEKMTS.! Nonetheless,! they! illustrate! that! the! disorder! does! have! a! pathological!
substrate! that! can! be! readily! characterised! using! nonKinvasive! medical! imaging!
techniques.! As! DTI! techniques! become! more! accepted! and! widely! applied! in! clinical!
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environments! (particularly! in! epilepsy)254,! the! identification! and! localisation!of! distinct!
diffusionKbased! connectivity! impairments! may,! one! day,! help! improve! the! surgical!
candidacy!of!NLTLE!patients.!!
!
!
5.4.6."Conclusions"
Although! temporal! lobe! epilepsy! without! mesial! temporal! sclerosis! is! traditionally!
referred! to! as! ‘nonKlesional’! TLE,! the! present! study! has! identified! two! important!
biological!disruptions! in! the!disorder.!First,!both!NLTLE!and!TLEKMTS!appear!to! involve!
broad! network! alterations! between! the! thalamoKstriatal! and!mesial! temporal! regions.!
Second,!NLTLE! seems! to! be! associated!with! subtle,! unilateral! diffusionKbased!network!
impairments! between! the! temporal! SOZ! and! inferior,! ipsilateral! occipital,! parietal,!
precentral! and! cerebellar! regions,! whereas! TLEKMTS! demonstrates! a! bilateral,! holistic!
pattern!of!network!disruption! in!TLEKMTS.! !These! findings! reemphasise! the!hypothesis!
that!NLTLE!is!a!network!disorder,!involving!distal,!interconnected,!extraKlimbic!structures!
playing!previously!overlooked!roles!in!the!epileptogenic!process.!!!
!
!
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6.1.!Introduction!
Sporadic! (nonKfamilial)! forms!of! localisationKrelated!epilepsy! are!often!associated!with!
an!antecedent!initial!precipitating!injury!(IPI)!such!as!febrile!convulsions,!traumatic!brain!
injury! or! intracranial! infection.! However,! twin! studies! have! demonstrated! a! 30K36%!
heritability! of! sporadic! LRE! from! studies! in! monozygotic! twins49,50! and! a! 5K10%!
heritability! from! studies! in! dizygotic! twins49,50.! Similarly,! familial! aggregation! studies!
have! yielded! standardised! risk! ratio! estimates! of! ~2.56! for! LREs! in! hospitalised! sibling!
pairs255.!Newly!developed!methods!for!estimating!the!heritability!of!complex!traits!using!
genetic! data! have! shown! that! at! least! 27%! of! phenotypic! variation! for! LRE! can!
collectively! be! explained! by! common! variants! (MAF! >! 0.01)! and! that! the! genetic!
architecture! of! LREs! is! more! similar! to! nonKLREs! than! previously! assumed256.! Overall,!
these! findings! suggest! that! focal! epilepsies! occurring! ‘sporadically’! in! the! general!
population! still!manifest! a! considerable! genetic! component.! Nonetheless,! this! genetic!
component!remains!poorly!characterised.!!
!
The!phenotypic!heterogeneity!of!common!epilepsies!has!been!cited!as!a!major!obstacle!
to! our! understanding! of! the! disorder’s! complex! genetic! architecture257.! Some! have!
argued! that! we! may! ‘sidestep’! epilepsy’s! complicated! phenotype! integrity! by!
considering! intermediate! phenotypes,! more! commonly! referred! to! as!
endophenotypes257,258.! Endophenotypes! are!measurable! variations! occurring! along! the!
pathway! between! genes! and! clinical! disease! state,! thought! to! be! closer! to! the!
underlying! genetic! architecture! of! a! disease! than! its! clinical! symptoms259.! The!
endophenotype!approach!may!allow!epilepsy!syndromes!to!be!deconstructed!into!more!
sensitive!phenomena,!individually!associated!with!fewer!susceptibility!variants!than!the!
number!(possibly!thousands)!of!variants!predisposing!to!the!illness! itself.!This!could,! in!
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theory,! reduce! phenotypic! heterogeneity! and! thus! provide! greater! power! for! genetic!
mapping!in!epilepsy259.!
!
A! biomarker! should! satisfy! explicit! criteria! before! it! can! be! considered! an!
endophenotype259.! First,! the!marker!must!be!associated!with! the! illness! in!question! in!
the! population.! Second,! it!must! be! heritable.! Third,! it! should! be! stateKindependent! –!
observable! in! the! individual! regardless! of!whether! illness! is! active! or! not.! Finally,! the!
marker!must!coKsegregate!within!families,!displaying!greater!frequency!in!asymptomatic!
firstKdegree!relatives!(of!people!with!epilepsy)!than!in!the!general!population.!!
! !
Attempts! to! identify! potential! structural! endophenotypes! in! adult,! focal! forms! of!
epilepsy! have! produced! mixed! results! to! date! (although! structural! connectivity! and!
volumetricKbased! endophenotypes! have! been! proposed! for! juvenile! myoclonic!
epilepsies260).! Familial! TLE! patients! and! their! asymptomatic! siblings! appear! to! share!
patterns! of! hippocampal! asymmetry! and! volume! loss189.! However,! work! from! our!
research!group!has! suggested! that! subcortical! volume! loss! is!not!heritable! in! sporadic!
forms!of!TLE!and,!thus,!is!unsuitable!as!an!endophenotype92,169.!In!light!of!this,!as!well!as!
our! continually! evolving! understanding! of! epilepsy’s! genetic! architecture119,! it! is!
important! to! consider!more! subtle! structural! biomarkers! such! as! white!matter! (WM)!
microstructure.!!
!
Previous! investigations! in! both! family! and! twin! studies! (in! healthy! individuals)! have!
shown!that!diffusionKbased!WM!changes!are!under!strong!genetic!control,!with!46%!of!
the! variance! in!measures! of! FA! and!RD!being! attributable! to! genetic! factors261,262.! DTI!
alterations! are! already! accepted! as! endophenotypes! for! psychiatric! disease,! with!
heritable! WM! deficits! coKsegregating! in! families! of! patients! suffering! from!
!! !173"
schizophrenia262,263,! bipolar! disorder264! and! autism265.! Preliminary! quantitative! MRI!
(qMRI)!analyses!have!indicated!suggestive!coKsegregation!of!cortical!WM!deficits!in!TLE!
patients! and! their! unaffected! siblings92.! However,! it! is! still! unclear! whether! more!
sensitive! DTIKinferred! microstructural! alterations! are! under! direct! control! of! genetic!
variation!in!TLE.!!!
!
DiffusionKbased! impairments! of! temporal! and! extraKtemporal! WM! tracts! are! a! wellK
established!feature!of!sporadic!TLE266,267.!A!recent!metaKanalysis!of!WM!changes!in!TLE!
as! inferred! from!DTI268! attempted! to! establish! a! consistent! estimate! of!WM! diffusion!
alterations!in!TLE!and!relate!these!changes!to!their!distance!from!the!seizure!focus.!This!
metaKanalysis,!conducted!by!Otte!and!colleagues268,!employed!both!randomK!and!fixedK
effects!meta!analysis!of!13!crossKsectional!DTI!studies.!The!meta!study!revealed!that,!for!
all!white!matter! in!the!brains!of!TLE!patients,!FA!significantly!decreased!by!an!average!
difference!of!2.6%!compared!to!healthy!controls,!whereas!MD!significantly!increased!by!
an! average! difference! of! 2.8%! compared! to! healthy! controls.! The! most! significantly!
disrupted! WM! tracts! were! connected! to! the! ipsilateral! temporal! lobe.! For! example,!
across!the!13!studies!under!consideration,!the!most!frequently!reported!WM!alterations!
occurred!along!the!fornix269K271!and!cingulum270K272!(both!of!which!are!directly!connected!
to!the!temporal!seizure!focus).!Other!commonly!reported!alterations!occurred!along!the!
inferior!longitudinal!fasciculus!(ILF)103,271,272,!arcuate!fasciculus!(AF)103,107,273!and!uncinate!
fasciculus33,103,107,269,271!!(UF),!all!of!which!pass!through!and!are!closely!connected!to!the!
temporal!site!of!epileptogenic!origin.!!
!
The! authors! employed! a! random!effects!weighted!mean!difference!model! in! order! to!
calculate!a!weighted,!‘average’!effect!of!each!WM!tract!from!each!considered!study!on!
the!overall! pooled!FA!and!MD!difference!across! the!brain268.! The! five!aforementioned!
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WM! bundles! (fornix,! cingulum,! ILF,! AF! and! UF)! collectively! accounted! for! 51.2%! of!
overall! FA! alterations! and! 50.02%! of! overall! MD! alterations! in! TLE! patients,! with! the!
remainder! of!microstructural! damage! spread! across! distal,! remotely! connected! fibres!
(including! the! corpus! callosum,! corticospinal! tract,! external! capsule! and! internal!
capsule268).!!
!
As!the!fornix,!cingulum,!ILF,!AF!and!UF!collectively!account!for!a!substantial!proportion!
of! overall! FA/MD! variability! in! TLE268,! they! may! represent! suitable! candidates! for! an!
intermediate!phenotype! in! the!disorder.!WM!alterations!within! the! five! structures!are!
already! (i)! associated!with! illness! in!epilepsy!and! (ii)!observable! regardless!of!whether!
the!illness!is!active!or!not.!!Successful!identification!of!both!a!(iii)!heritabile!and!(iv)!coK
segregating!component!to!FA!and!MD!changes!along!these!tracts!would!satisfy!all!four!
criteria!for!a!structural!epilepsy!endophenotype.!Therefore,!in!order!to!shed!light!on!the!
potential!of!WM! impairment!as!an!endophenotype!of! sporadic!TLE,! the!present! study!
aimed!to:!
(1) Use! deterministic! tractography! to! isolate! the! fornix,!
parahippocampal! cingulum! (PHC),! ILF,!AF! and!UF! in! sporadic! TLE!
patients,! their! asymptomatic! siblings! and! neurologically! healthy!
controls,!
(2) Employ! a! novel! ‘alongKtract! segmentation’! analysis! technique! on!
these! WM! fibres;! comparing! diffusion! tensor! metrics! (including!
fractional! anisotropy! (FA),!mean! diffusivity! (MD),! axial! diffusivity!
(AD)! and! radial! diffusivity! (RD))! along! a! series! of! even,! 2mm!
parcellations! of! each! fibre! in! sporadic! TLE! patients,! their!
asymptomatic!siblings!and!neurologically!healthy!controls!and!
(3) Determine!the!heritability!of!these!WM!structures!in!sporadic!TLE!
patients!and!their!unaffected!siblings.!
!
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6.2.!Methods!
!
6.2.1"Participants""
Patients:!TwentyKsix!unrelated!patients!with!mesial!temporal! lobe!epilepsy!(MTLE)!and!
normal!MRI!were! recruited! from! the! epilepsy! clinic! at! St.! James’s!Hospital,! Dublin.! ! A!
clinical! neurologist! (Dr.! Colin! P.! Doherty)! reviewed! each! patient’s! seizure! semiology,!
ictal/interKictal! electroencephalography! (EEG),! videoKtelemetry! findings! (where!
available)!and!routine!MR!images,!allowing!diagnosis!of!MTLE!based!on!the!International!
League!Against!Epilepsy!(ILAE)!guidelines24,215.!All!patients!were!sporadic!–!those!with!a!
confirmed!history!of!head!trauma,!neurosurgery!or!a!family!history!of!epilepsy! in!firstK
degree!relatives!were!excluded.!Full!patient!demographics!are!presented!in!table!31.!!
Siblings:!A!same!gender,!asymptomatic!sibling!of!each!patient!was!also!included!in!the!
study! (26! siblings! total).! Siblings! with! a! history! of! head! trauma,! psychiatric! or!
neurological!illness!or!neurosurgery!were!omitted!from!the!analysis.!
Controls:! SixtyKnine! neurologically! healthy! controls! were! recruited! from! the! general!
population.! There! were! no! significant! age! or! gender! differences! between! patients,!
siblings!and!controls!(see!Table!31).!!
!
The!St.!James’s!Hospital!Research!Ethics!Committee!approved!the!study!protocol!under!
REC!reference!11/97.!All!participants!provided!written,!informed!consent.!
!
Table(31:(Participant(demographics((
Group( N( Average( age(
(SD)(in(years(
Female:Male( Left(handed( Mean( duration( of(
epilepsy((in(years)(
Patients! 26! 35.76!(9.6)! 17:9! 6! 17.64!!
Siblings! 26! 36.46!!(10.2)! 17:9! 0! K!
Controls! 69! 34.42!(9.4)! 30:39! 5! K!
Table&legend:&‘Group’&=&test&group;&&‘N’&=&sample&size&of&test&group,&‘female:male”&=&female&to&male&ratio;&‘mean&duration’&=&
time&from&age&of&epilepsy&onset&to&date&of&MRI&scan&(in&years).&
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6.2.2."MR"Image"Acquisition""
All!MR! images!were! recorded!at! the!Centre! for!Advanced!Medical! Imaging! (CAMI),! St.!
James’s!Hospital,!Dublin,!using!a!3!Tesla!Philips!MRI!scanner!with!an!8Kchannel!head!coil!
(refer!back!to!sections!5.2.2!and!5.2.3!for!details!of!these!scanning!parameters).!!
!
6.2.3."Image"preRprocessing"
DTI! images! were! preKprocessed! using! version! 4.8.3! of! the! ExploreDTI! graphical!
toolbox216.! First,! data! were! converted! from! their! raw! PAR/REC! format! to! threeK
dimensional,! 2x2x2mm,! MatlabKcompatible! .MAT! matrices.! Second,! diffusion! tensors!
were! estimated! using! a! least! squares! regressionKbased! ‘weighted! linear’! algorithm,!
which! accounted! for! signal! variability! produced! by! thermal! noise! by! including! it! as! a!
weighting!factor!in!its!tensor!fitting217.!Third,!we!corrected!for!head!motion!and!cardiac!
pulsation! effects! by! employing! a! robust" estimation" of" tensors" by" outlier" rejection"
(RESTORE)! algorithm218.! This! algorithm! also! corrected! for! possible! image! distortions!
induced! by! the! MRI! scanner’s! electrical! currents! (commonly! referred! to! as! Eddy!
currents).! BKmatrix! rotation! was! also! conducted! throughout! this! step! in! order! to!
correctly!preserve!the!orientation!information!of!each!image219.!Fourth,!we!performed!a!
quality!check!by!(i)!looping!through!all!32!directions!of!each!diffusion!image!to!examine!
possible! remaining! artefacts! and! (ii)! surveying! the! residual! and! outlier! profiles! and!
motion!correction!parameters!generated!by!ExploreDTI.!
!
!
6.2.4."AtlasRbased"deterministic"tractography"
We!used!ExploreDTI!version!4.8.3216! to!conduct!atlasKbased!deterministic! tractography!
on!our! five!WM!structures!of! interest.! Tractography,! also! known!as! threeRdimensional"
tract" reconstruction"or! fibre" tracking,! estimates! the! orientation! of! continuous! fibre(s)!
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within!brain!voxels!and!extrapolates!the!threeKdimensional!structure!of!WM!tracts!from!
these! estimates247.! The! technique! not! only! provides! information! about! a! tract’s!
geometry,!but!can!also!estimate!individualised!volumes!of!interest!in!order!to!examine!
WM!microstructural! qualities274.! Tractography! is! principally! divided! into! deterministic!
and! probabilistic! approaches.! The! deterministic! approach! assumes! that! the! principal!
eigenvector!(ε1)!of!the!diffusion!tensor! is!parallel!to!the!dominant!orientation!of!fibres!
within!each!voxel;!forming!a!tangent!to!the!space!curve!traced!out!by!each!WM!tract275.!
Using! this! approach,! the! researcher! sets! an! initial! region! of! interest! in! the! brain,! also!
known!as!a!‘seed!point’,!from!which!a!single!biKdirectional!pathway!can!be!propagated!
in!a!parallel!direction!to!ε1! 247.!By!contrast,!probabilistic! tractography!does!not!assume!
that! the!WM!pathway! follows! the!dominant! fibre!orientation! and! instead!explores! all!
possible!connections.!!
For! the! first! stage!deterministic! tractography,!all!participants’! raw!*.MAT! images!were!
transformed! into! standardised!Montreal!Neurological! Institute! (MNI)! space.! Second,! a!
wholeKbrain!WM!tract! construction!was! carried!out! for!each!participant!using!a! linear"
interpolation! technique.! Linear! interpolation! is! a! mathematical! curveKfitting! method!
which!allows!for!the!estimation!of!a!tensor!field!at!any!arbitrary!point!within!the!imaged!
region! (not! just! at! the! centre! of! a! voxel,! as! is! the! case!when!using! TBSS!methods)247.!
Crucially,!the!technique!forgoes!issues!surrounding!the!substantially!smaller!size!of!brain!
axons!relative!to!brain!voxels!by!extrapolating!the!underlying!tensor!field!at!a!subRvoxel"
level!(typically,!to!a!10th!of!the!voxel!dimension)247.!Seed!point!resolution!for!this!wholeK
brain!construction!was!set!at!2×2×2mm.!A!seed!fractional!anisotropy!(FA)!threshold!was!
set! at! 0.2! to! limit! any! reconstructed! tracts! from! entering! the! gray! matter! regions,!
whereas! an! angle! threshold! of! 45°! was! specified! to! limit! unrealistic! bends! in! fibre!
orientation!and!stop!the!tract!from!doubling!back!on!itself.!!
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Third,!our!five!WM!tracts!of!interest!(the!AF,!cingulum,!fornix,!ILF!and!UF)!were!isolated!
using! ExploreDTI’s! atlas! based! tractography! toolkit.! This! robust! and! reliable!
reconstruction! tool276! combines! the! automated,! atlasKbased! approximation! of! WM!
tracts!with!a!more!precise!isolation!of!these!tracts!using!manual!regionKofKinterest!(ROI)!
delineation.! For! the! initial,! automated!atlas! step,!we! loaded!each!participant’s!wholeK
brain!construction!into!ExploreDTI!and!utilised!one!of!the!toolkit’s!builtKin!atlases!(either!
the!John!Hopkins!University!(JHU)!DTI!atlas!or!the!Jülic!histological!atlas)!to!generate!an!
approximation! of! each! tract.! This! produced! a! rough! tract! reconstruction,! typically!
encompassing!the!tract! itself! in!addition!to!a!variety!of!ancillary!fibres,!as!illustrated!in!
figure!70:!
!
!
!
!
!
!
Figure(70:(An(example(of(an(atlas0constructed(version(of(the(full(left(cingulum.((
The"above"figure"represents"the" ‘initial’"stages"of" the"reconstruction"process,"whereby"a"rough"estimation"of" the"tract" is"
delineated"using"the"John"Hopkin’s"DTI"atlas."Note"that"while"atlasGbased"deterministic"tractography"technique"accurately"
reconstructed"this"tract,"it"also"included"a"number"of"superfluous"WM"fibres,"such"as"an"ancillary"cluster"of"tracts"posterior"
to"the"cingulum"(A)"in"addition"to"parts"of"the"right"cingulum"(B).""
!
In!order! to!acquire!a!more!precise!estimation!of!each!WM!tract,!we!applied!a! second!
‘region!of!interest’!(ROI)Kbased!analysis.!This!allowed!us!to!isolate!each!tract!by!drawing!
two!ROIs! around! its! start! and!end!points! (using!Boolean! inclusion! “AND”! gates)!while!
excluding!superfluous!tracts!by!drawing!addition!ROIs!around!regions!the!tract!did!not!
B!
A!
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pass!through!(using!exclusion!“NOT”!gates).!All!“AND”!and!“NOT”!gates!were!drawn!for!
our!five!tracts!using!a!randomly!selected!‘representative’!control!subject!(‘control!21’).!
The! gates! drawn! around! this! subject! could! then! be! used! to! automatically! reconstruct!
each!tract!of!interest!for!all!other!patients,!unaffected!siblings!and!healthy!controls.!!
!
Our! first! tract! of! interest! for! ROI! analysis! was! the! AF.! The! AF! is! a! dorsal! projection,!
arching! around! the! Sylvian! fissure,! which! forms! part! of! the! superior! longitudinal!
fasciculus! (SLF)! and! connects! the! lateral! temporal! lobes! with! the! frontal! lobes.! We!
isolated! the! left! and! right!AF! separately.! First,! for! the! left!AF,!we!drew!an! “AND”!ROI!
around! a! coronal! slice! within! the! left! hemisphere,! close! to! the! temporal! pole.! The!
second! “AND”!ROI!was! drawn!on! a! coronal! slice! closer! to! the! frontal! lobe! (see! green!
gates! in!figure!71).!ROIs!using!“NOT”!gates!were!then!drawn!around:!(i)!a!sagittal!slice!
encompassing! the!corpus! callosum,! to!avoid! fibres! crossing! into! the! right!hemisphere,!
(ii)!a!superior!axial!slice!to!avoid!fibres!from!the!superior!longitudinal!fasciculus!and!(iii)!
an!inferior!axial!slice!to!avoid!fibres!from!the!corticospinal!tract!(see!red!gates!in!figure!
71).! The! two! “AND”! gates!were! then! reKdrawn! in! the! right! hemisphere! to! isolate! the!
right!AF.!!
!
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Figure(71:(ROIs(used(to(isolate(the(left(arcuate(fasciculus.(
“AND”"gates"are"illustrated"in"green,"whereas"“NOT”"gates"are"illustrated"in"red."Image"generated"in"ExploreDTI,"v.4.8.3."
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Our! second! tract! of! interest,! the! PHC,! encompasses! the! hippocampal! segment! of! the!
cingulum,!which!connects!the!cingulate!gyrus!to!the!entorhinal!cortex.!To!isolate!the!left!
PHC,!we!used!a!coronal!slice!in!the!left!hemisphere!to!draw!our!first!and!second!“AND”!
gates!at!the!superior!(hippocampal)!and!anterior!parts!of!the!bundle,!respectively!(see!
figure! 72).! A! “NOT”! gate! was! then! drawn! around! a! sagittal! slice! near! the! corpus!
callosum!to!avoid! the!reconstruction!of! right!hemispheric! fibres.!A!second!“NOT”!gate!
was!drawn!around!a!posterior!coronal!slice,!while!a!third!“NOT”!gate!was!drawn!around!
a! superior! axial! slice;! both! with! the! purpose! of! excluding! a! bundle! of! ancillary! fibres!
projecting! out! from! the! parahippocampal! regions.! A! similar! set! of! “AND”! and! “NOT”!
gates!was!drawn!on!the!right!hemisphere!to!isolate!the!right!PHC.!!
!
!
!
!
!
!
!
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Figure(72:(ROIs(used(to(isolate(the(left(parahippocampal(cingulum(bundle.((
“AND”"gates"are"illustrated"in"green,"whereas"“NOT”"gates"are"illustrated"in"red."Image"generated"in"ExploreDTI,"v.4.8.3."
!
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The!fornix,!our!third!tract!of!interest,!is!a!CKshaped!bundle!connecting!the!hippocampus!
and!hypothalamus.!The!first!“AND”!gate!was!drawn!around!a!coronal!plane,!close!to!the!
hippocampal! regions,!whereas! the! second! “AND”!gate!was!drawn!on!a!more! superior!
coronal!plane! to! capture! the!point!at!which! the! fornix!bends.!Three!“NOT”!ROIs!were!
drawn;!the!first!to!exclude!tracts!from!the!opposite!hemisphere,!the!second!to!remove!a!
large! body! of! tracts! comprising! a! substantial! proportion! of! the! SLF! and! the! third! to!
exclude! a! bundle! of! ancillary! tracts! projecting! towards! the! posterior! regions.! All! five!
gates!were!reKdrawn!in!the!right!hemisphere!to!isolate!the!right!fornix.!!
!
!
!
!
!
!
!
!
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Figure(73:(ROIs(used(to(isolate(the(left(fornix.((
“AND”"gates"are"illustrated"in"green,"whereas"“NOT”"gates"are"illustrated"in"red."Image"generated"in"ExploreDTI,"v.4.8.3."
!
Our! fourth! tract! of! interest! –! the! ILF! –! connects! the! temporal! and! occipital! lobes.! To!
isolate! the! left! ILF,! our! first! “AND”!ROI!was! placed!on! a! coronal! slice! in! the! temporal!
lobe,! close! to! the! parahippocampal! gyrus.! The! second! “AND”! ROI! was! placed! on! a!
coronal! slice! proximal! to! the! lateral! occipital! cortex.! The! first! “NOT”! gate! was! drawn!
around!an!axial!slice!to!exclude!fibres!from!the!left!fornix.!The!second!“NOT”!gate!was!
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drawn!around!the!corpus!callosum!regions!on!a!sagittal!slice,!to!isolate!tracts!projecting!
into! the! opposite! hemisphere.! The! third! and! final! “NOT”! gate! was! drawn! around! an!
anterior!coronal!slice!to!exclude!frontal!fibres!from!outside!the!ILF.!!
!
!
!
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Figure(74:(ROIs(used(to(isolate(the(left(ILF.((
“AND”"gates"are"illustrated"in"green,"whereas"“NOT”"gates"are"illustrated"in"red."Image"generated"in"ExploreDTI,"v.4.8.3."
!
Our!fifth!and!final!tract!of!interest!–!the!UF!–!connects!the!anterior!temporal!lobe!with!
the!inferior!frontal!gyrus!and!the!orbitofrontal!cortex.!The!first!“AND”!ROI!was!drawn!on!
a!coronal!slice,!close!to!the!parahippocampal!gyrus,!to!capture!the!temporal!part!of!the!
UF.!The!second!“AND”!ROI!was!drawn!on!a!coronal!slice!closer!to!the!frontal!regions!in!
order!to!isolate!WM!tracts!projecting!to!the!frontal!pole!and!orbitofrontal!cortex.!Three!
“NOT”! gates!were! specified.! The! first!was! drawn!on! a! sagittal! slice! encompassing! the!
corpus!callosum!to!exclude!tracts!passing!into!the!opposite!hemisphere.!The!second!was!
placed!on!a!coronal!plane!posterior! to!the!UF!to!exclude!all! tracts!projecting! from!the!
back!of!the!bundle.!The!third!was!drawn!on!an!axial!plane!to!exclude!projections!above!
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the!UF!(see!figure!75).!These!gates!were!then!reKdrawn!on!planes!throughout!the!right!
hemisphere!to!isolate!the!right!UF.!!
!
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Figure(75:(ROIs(used(to(isolate(the(left(UF.((
“AND”"gates"are"illustrated"in"green,"whereas"“NOT”"gates"are"illustrated"in"red."Image"generated"in"ExploreDTI,"v.4.8.3."
#
6.2.5."Tract"segmentation"
Standard!tractography!methods!typically!yield!a!single,!averaged!DTI!metric!such!as!FA!
across!an!entire!WM!tract.!As!FA!varies!from!as!low!as!0.2!at!the!transition!to!the!cortex!
to!as!high!as!0.8+!in!midline!callosal!regions277,!averaged!tract!estimates!can!often!‘blur’!
possibly!interesting!features!and!overlook!potentially!rich!anatomical!variation!along!the!
tract;!overall!limiting!the!effectiveness!of!the!deterministic!tractography!technique274.!In!
order! to! address! this! issue,! we! applied! a! tract" segmentation" analysis! (also! known! as!
tract!parcellation)!on!our!ten!isolated!tracts!of!interest!using!ExploreDTI’s!tractography!
segmentation! toolbox;! dividing! each! fibre! bundle! into! a! series! of! 2mm! segments!
(corresponding!to!the!2x2x2mm!voxel!size!in!which!our!DTI!data!were!collected).!!
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Tract!segmentation!was!conducted!in!five!steps.!First,!because!each!reconstructed!tract!
(also! referred! to! as! a! streamline)! was! initially! reconstructed! in! MNI! space,! without!
reference! to! its! anterior! or! posterior! extremes,! it! was! necessary! to! reorient! each!
streamline!with!a!definite!origin!point.!All!AF,!ILF,!fornix,!PHC!and!ILF!streamlines!were!
therefore!assigned!identical!start!and!end!points!in!MNI!space.!Second,!each!streamline!
was! reKsampled! to! account! for! variability! in! their! number! of! points! (or! vertices),! both!
along! the!streamline! itself!and!between!participants.!This! reKmodelling!was!conducted!
using!a!piecewise!polynomial! function,! referred! to!as!a!BRspline! curve,!as! illustrated! in!
figure! 75A! and! 75B274.! Third,! the! BKsplineKapproximated! streamlines! were! again!
resampled!so!that!each!had!the!same!number!of!2mm!vertices!spread!evenly!along!their!
lengths!(figure!75C!and!75D).!The!average!length!of!arcuate!streamlines!was!100mm,!so!
this! structure! was! subdivided! into! 50! segments.! The! PHC,! with! an! average! length! of!
70mm,!was! divided! into! 35! even! vertices.! The! fornix! (90mm)!was! segmented! into! 45!
vertices,! whereas! the! ILF! (104mm)! was! segmented! into! 52! subKdivisions! and! the! UF!
(90mm)!was!divided!into!45!even!segments.!
!
!
!
!
!
!
Figure(76:(B0spline(based(resampling,(adapted(from(Colby(et(al.((2012).((
(A)"Accurate"statistical"analysis"of"raw"streamlines"is"often"hampered"by"each"streamline’s"differing"number"
of"vertices"and"nonGuniform"spatial"sampling."(B)"To"correct"for"this,"each"rawGstreamline"is"reGparameterized"
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using"cubic"BGspline"curves." (C)"Streamlines"are" then" reGsampled" to"give" them"an"equal"number"of"vertices"
regardless"of" their" lengths." (D)"Streamlines"are"given"a"common"tract" start"point"and" terminus" (red"points,"
left)"and"resampled"so"they"can"be"compared"at"different"crossGsections"(dotted"lines,"right).""
Fourth,! four! underlying! scalar! volumes! (namely,! the! FA,!MD,! AD! and! RD!maps)! were!
resampled!for!our!new!sets!of!streamline!vertices.!Finally,!these!diffusion!metrics!were!
exported! to!SPSS! (Release!21;!SPSS! Inc.,!Chicago,! IL,!USA)!and!subjected! to!a!oneKway!
multivariate! analysis! of! variance! (MANOVA)! with! group! identifier! (patient,! sibling,!
control)!as!a!fixed!factor.!Age,!gender!and!handedness!were!included!as!covariates.!An!
alpha!level!of!p<0.05/(N*4)!was!applied!to!Bonferroni!correct!for!(i)!N!–!the!number!of!
vertices! each!WM! structure! was! segmented! into,! multiplied! by! (ii)! the! four! diffusion!
metrics!(FA,!MD,!AD!and!RD)!under!investigation.!For!example,!all!test!statistics!for!the!
fornix!were! compared! to! an! adjusted! alpha! level! of! 2.78x10K3,! derived!by! dividing! the!
default! threshold!of!0.05!by!180! (45! tract! segments!multiplied!by!4!diffusion!metrics).!
We! note! that,! as! adjacent! segments! are! not! independent,! this! correction! is! very!
conservative.!
!
6.2.6."Heritability"calculations"
Heritability!–!defined!here!as!the!fraction!of!phenotype!variability!attributable!to!genetic!
variation! –! was! calculated! for! the! mean! FA,! MD,! AD! and! RD! values! of! our! five! WM!
structures! of! interest! in! 26! TLE! patients! and! 26! of! their! asymptomatic! siblings! using!
version! 7.2.5! of! the! Sequential! Oligogenic! Linkage! Analysis! Routines! (SOLAR)!
programme278.!FA,!MD,!AD!and!RD!values! for! the! five! tracts!were!averaged!across! the!
left!and!right!hemispheres!to!account!for!previously!reported! laterality! issues!with!the!
software!package279.!We!constructed!(i)!a!pedigree!matrix!containing!family,!age!and!sex!
information! and! (ii)! a! phenotype!matrix! outlining! FA,!MD,!AD! and!RD! values! for! each!
patient!and!sibling!across!each!tract.!These!covariate!matrices!were!then!utilised!in!the!
‘maximumKlikelihood! variance! components’! model! of! SOLAR,! which! decomposed!
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phenotypic!variance!(σp2)!of!each!quantitative!trait!into!a!genetic!component!(σg2)!and!a!
residual! component! representing! ancillary! variation! not! accounted! for! by! the! genetic!
component! (σe2),! including! experimental! error,! random! environmental! variation! and!
age*sex!effects.!Pedigree!structure!was!accounted!for!using!the!following!equation…!
Ω!=!2!Φ!σa2!+!Δ!σd2!+!δ!σe2!
…where!Ω!represents!covariance!between!one!relative!and!another,!Φ!is!the!coefficient!
of!relationship!between!these!relatives!(this!value! is!0.5!for!full!siblings),!σa2!is!additive!
genetic! variance,! Δ! is! the! probability! that! the! relatives! share! both! alleles! identical! by!
descent!(this!value!is!0.25!for!full!siblings),!σd2!is!the!dominant!genetic!variance,!δ!is!the!
identity!matrix!and!σe2!is!residual!nonKgenetic!variation278.!Heritability!estimations!were!
compared! to! those! reported! in! a! major! SOLAR! metaKanalysis! of! WM! microstructure!
heritability!(N=400)!by!Jahanshad!et!al280.!!
!
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6.3.!Results!
!
6.3.1!AtlasKbased!deterministic!tractography!
"
6.3.1.1."Arcuate"fasciculus"(AF)"
Five! major! WM! tracts! previously! implicated! in! TLE! were! isolated! for! deterministic!
segmentation! tractography! and! subjected! to! oneKway! MANOVAs! using! SPSS.! For! our!
first!tract!of!interest!–!the!AF!–!we!applied!a!oneKway!MANOVA!to!compare!the!specific!
diffusion! metrics! (FA,! MD,! RD,! AD)! of! patients,! siblings! and! controls! across! 50! even!
segments! of! the! leftK! and! rightKsided! components! of! the! structure.! The! BonferroniK
adjusted! statistical! threshold!was! set! at!p=2.5x10K4! to! correct! for! these! fifty! segments!
across!the!four!diffusion!metrics!(i.e.!0.05/(50X4).!!
!
Along! the! left! arcuate,! a! oneKway!MANCOVA! revealed! significant! group!differences! in!
MD! for! sections! 10! to! 13! (F(2,121)=! 8.19K10.47,! p=4.7x10K4–6.7x10K5)! in! addition! to!
significant! group! differences! in! RD! along! segments! 34! to! 38! (F(2,121)=! 8.18K8.26,!
p=4.46x10K4–4.76x10K4).! A! postKhoc! Tukey! test! revealed! that! these! MD! and! RD!
differences! were! driven! by! both! the! patientKversusKcontrol! comparison! (lowest!
uncorrected! p=6.5x10K4)! and! the! asymptomatic! siblingKversusKcontrol! comparison!
(lowest!uncorrected!p=4.48x10K5).!Three!independent!MANCOVAs!revealed!FA,!MD!and!
RD!alterations! along! sections! 6! through!44!of! the! left! arcuate,! but! these!did!not! pass!
Bonferroni!correction!for!multiple!comparisons!(see!figure!77!overleaf).!
!
For! the! right!AF,!we!observed!a! trend!of!WM!alterations!along! the! second!half!of! the!
tract,!but!these!changes!did!not!survive!Bonferroni!correction!(FA:!lowest!uncorrected!p!
=! 0.01,! MD:! lowest! uncorrected! p! =! 9.5x10K4,! RD:! lowest! uncorrected! p! =! 1.7x10K3).
!! ! 188#
!
!
!
!
!
!
!
!
!
!
!
!
!
Figure!77:!Segmentation!tractography!results!for!the!left!arcuate!fasciculus.!!
Top#left:##Atlas/#and#ROI/based#reconstruction#of#the#left#AF,#generated#using#ExploreDTI#v4.8.3.#Top#r ight:##Smooth#lined#scatter#plots#illustrating#the#FA,#MD,#AD#and#RD#values#of#epilepsy#patients#(red),#asymptomatic#siblings#
(green)#and#healthy#controls#(blue)#across#all#50#segments#of#the#left#AF.#Bottom:#MANCOVA#p#values#signifying#vertexes#where#patients,#siblings#and/or#controls#demonstrated#significant#changes#in#FA,#MD,#AD#or#RD#across#all#50#
segments#of#the#left#AF.#Segments#showing#statistically#significant#differences#between#groups#are#colour/coded#(see#index#on#bottom#right).###
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Figure!78:!Segmentation!tractography!results!for!the!right!arcuate!fasciculus.!!
Top#left:##Atlas/#and#ROI/based#reconstruction#of#the#right#AF,#generated#using#ExploreDTI#v4.8.3.#Top#r ight:##Smooth#lined#scatter#plots#illustrating#the#FA,#MD,#AD#and#RD#values#of#epilepsy#patients#(red),#asymptomatic#
siblings#(green)#and#healthy#controls#(blue)#across#all#50#segments#of#the#right#AF.#Bottom:#MANCOVA#p#values#signifying#vertexes#where#patients,#siblings#and/or#controls#demonstrated#significant#changes#in#FA,#MD,#AD#
or#RD#across#all#50#segments#of#the#right#AF.#Segments#showing#statistically#significant#differences#between#groups#are#colour/coded#(see#index#on#bottom#right).###
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6.3.1.2.&Parahippocampal&cingulum&(PHC)&&
!
A! second,! independent! one-way!MANCOVA! compared! the! FA,!MD,! RD,!AD!profiles! of!
patients,! siblings! and! controls! across!35!even! segments!of! the! left! and! right!PHC.! The!
Bonferroni-adjusted! statistical! threshold! was! set! at! p<3.57x10-4! (i.e.! 0.05/(35x4)).! No!
significant!FA,!MD,!AD!or!RD!alterations!were!observed!between!test!groups!in!the!left!
hemisphere!(p>3.57x10-4,!see!figure!79!overleaf).!!
!
For! the! right! PHC,! a! one-way!MANCOVA! revealed! significant! group! differences! in! FA!
along!segments!17!to!20!(F(2,121)=8.79-12.05,!p=2.56x10-4–1.77x10-5),!MD!along!segments!
19! to! 21! (F(2,121)=6.01–9.62,! p=3.1x10-3–1.4x10-4)! and! RD! along! segments! 19! and! 20!
(F(2,121)=10.06-14.9,! p=9.36x10-5–1.77x10-6).! A! post-hoc! Tukey! test! revealed! that!
significant! FA! reductions! were! driven! by! changes! in! both! the! patient! group! (lowest!
uncorrected! p! =7.95x10-5)! and! asymptomatic! sibling! group! (lowest! uncorrected!
p=3.39x10-3).! Similarly,! RD! changes! were! driven! by! both! the! patient! versus! control!
(lowest! uncorrected! p=3.95x10-6)! and! sibling! versus! control! analyses! (lowest!
uncorrected! p=0.008),! MD! changes! were! driven! by! the! patient-versus-control!
comparison! alone! (lowest! uncorrected! p=4.54x10-5).! No! significant! AD! changes! were!
observed!between!groups,!p>3.57x10-4.!
!
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Figure!79:!Segmentation!tractography!results!for!the!right!parahippocampal!cingulum.!!
Top# left:# # Atlas/# and# ROI/based# reconstruction# of# the# right# PHC,# generated# using# ExploreDTI# v4.8.3.# Top# r ight:# # Smooth# lined# scatter# plots# illustrating# the# FA,# MD,# AD# and# RD# values# of# epilepsy# patients# (red),#
asymptomatic# siblings# (green)# and#healthy# controls# (blue)# across# all# 35# segments# of# the# right# PHC.# Bottom:#MANCOVA#p# values# signifying# vertexes#where# patients,# siblings# and/or# controls# demonstrated# significant#
changes#in#FA,#MD,#AD#or#RD#across#all#35#segments#of#the#right#PHC.#Segments#showing#statistically#significant#differences#between#groups#are#colour/coded#(see#index#on#bottom#right).###
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6.3.1.3.%Fornix%%
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An!independent!one*way!MANCOVA!compared!the!FA,!MD,!RD,!AD!profiles!of!patients,!
siblings! and! controls! across! 45! even! sections! of! the! left! and! right! fornix! bundles.! The!
alpha! level! of! 0.05! was! Bonferroni*adjusted! to! 2.78x10*4! to! correct! for! these! 45!
segments!(i.e.!0.05/(45x4)).!On!the!left!hemisphere,!we!observed!significant!differences!
between!groups!for!FA!along!segment!1!(F(2,117)=9.81,!p=1.19x10*4)!and!segments!32!to!
35! (F(2,117)=8.89*10.56,! p=2.62x10*4–7.19x10*5),! in! addition! to! significant! AD! changes!
along! segments! 27! to! 33! (F(2,117)=8.98*11.46,!p=2.44x10*4–3.02x10*5).! A! post*hoc! Tukey!
test! revealed! that! these! significant! FA! and! AD! alterations! were! driven! by! both! the!
patient*versus*control! comparison! (lowest! uncorrected! p=7.38x10*5! (for! FA);! lowest!
uncorrected! p=9.37x10*5! (for! AD))! and! the! asymptomatic! sibling*versus*control!
comparison! (lowest! uncorrected! p=3.06x10*5! (for! FA);! lowest! uncorrected! p=2.33x10*6!
(for! AD)).! No! significant! Bonferroni*corrected! differences! were! observed! between!
groups!on!measures!of!MD!or!RD,!p>2.78x10*4!(see!figure!80).!!
!
Along! the! right! fornix,! a! one*way!MANCOVA! revealed! significant! group! differences! in!
MD!for!segments!43!and!44!(F(2,117)=8.79*12.05,!p=2.77x10*4–1.33x10*4),!AD!for!segments!
24! to! 30! (F(2,117)=8.9–9.67,!p=2.57x10*4–1.33x10*4)! and!RD! for! segment! 44! (F(2,117)=9.22,!
p=1.96x10*4).!A!post*hoc!Tukey!test!revealed!that!the!significant!MD,!AD!and!RD!changes!
were! observed! in! both! patients! (lowest! uncorrected!p=0.004! (MD);! 0.003! (AD);! 0.005!
(RD))!and! asymptomatic! siblings! (lowest!uncorrected!p=1.21x10*5! (MD);!1.79x10*6!(AD);!
3.6x10*5).! These! changes! appeared! to! be! more! pronounced! in! the! sibling! group,!
p<2.78x10*4!(see!figure!81!overleaf).!!
!
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Figure!80:!Segmentation!tractography!results!for!the!left!fornix.!!
Top$ left:$ $ Atlas0$ and$ ROI0based$ reconstruction$ of$ the$ left$ fornix,$ generated$ using$ ExploreDTI$ v4.8.3.$ Top$ r ight:$ $ Smooth$ lined$ scatter$ plots$ illustrating$ the$ FA,$ MD,$ AD$ and$ RD$ values$ of$ epilepsy$ patients$ (red),$
asymptomatic$ siblings$ (green)$ and$healthy$ controls$ (blue)$ across$ all$ 45$ segments$ of$ the$ left$ fornix.$ Bottom:$MANCOVA$p$ values$ signifying$ vertexes$where$patients,$ siblings$ and/or$ controls$ demonstrated$ significant$
changes$in$FA,$MD,$AD$or$RD$across$all$45$segments$of$the$left$fornix.$Segments$showing$statistically$significant$differences$between$groups$are$colour0coded$(see$index$on$bottom$right).$$$
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Figure!81:!Segmentation!tractography!results!for!the!right!fornix.!!
Top$left:$$Atlas0$and$ROI0based$reconstruction$of$the$right$fornix,$generated$using$ExploreDTI$v4.8.3.$Top$r ight:$$Smooth$lined$scatter$plots$illustrating$the$FA,$MD,$AD$and$RD$values$of$epilepsy$patients$(red),$asymptomatic$
siblings$(green)$and$healthy$controls$(blue)$across$all$45$segments$of$the$right$fornix.$Bottom:$MANCOVA$p$values$signifying$vertexes$where$patients,$siblings$and/or$controls$demonstrated$significant$changes$in$FA,$MD,$AD$
or$RD$across$all$45$segments$of$the$right$fornix.$Segments$showing$statistically$significant$differences$between$groups$are$colour0coded$(see$index$on$bottom$right).$$$
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6.3.1.4.&Inferior&Longitudinal&Fasciculus&(ILF)&
!
An!independent!one*way!MANCOVA!compared!the!FA,!MD,!RD,!AD!profiles!of!patients,!
siblings!and!controls!across!52!even!sections!of!the!left!and!right!ILF.!The!alpha!level!of!
0.05!was!Bonferroni*adjusted!to!p<2.4x10*4!to!correct!for!these!52!segments.!A!one*way!
MANCOVA!of!the! left! ILF!revealed!suggestive!group!differences! in!FA!(F(2,121)=!5.06*7.2,!
p=7.82x10*3*1.05x10*3)!and!RD!(F(2,121)=!4.96–6.199,!p=8.58x10*3*2.77x10*3)!along!sections!
8!to!11!and!29!to!33,!respectively.!However,!these!changes!did!not!survive!correction!for!
multiple! comparisons! p>2.4x10*4.! No! significant!MD! or! AD! differences! were! observed!
between!groups,!p>0.05.!!!
!
For!the!right! ILF,!an! independent!one*way!MANCOVA!illustrated!significant!disruptions!
of! MD! along! segments! 3! to! 5! (F(2,121)=9.3*11.26,! p=1.82x10*4*3.42x10*5),! AD! along!
segments!3!to!5!(F(2,121)=10.18*12.41,!p=8.5x10*5*1.32x10*5)!and!RD!along!segments!23!to!
28!(F(2,121)=9.28*11.2,!p=1.83x10*4*3.6x10*5)!and!!33!to!36!(F(2,121)=10.15*11.23,!p=8.73x10*
5*3.49x10*5).! Post*hoc! Tukey! tests! illustrated! that! MD! and! AD! changes! were! mostly!
driven! by! the! sibling*versus! control! comparison! (lowest! uncorrected! p=2.8x10*5! (MD);!
8.07x10*8! (AD)),! although! the! patient*versus*control! comparison! may! have! also!
contributed! to! a! smaller! degree! (lowest! uncorrected! p=0.0004! (MD);! 0.002! (AD)).! RD!
changes!were!driven! in!equal!parts!by!both!the!patient*versus*control!analysis! (lowest!
uncorrected! p=0.0001)! and! sibling*versus*control! analysis! (lowest! uncorrected!
p=0.0003).!A!trend!of!FA!impairment!was!observed!along!segments!15!through!42!in!our!
patient! group,! but! this! did! not! survive! correction! for! multiple! comparisons! (lowest!
uncorrected!p=0.0003).!!
!
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Figure!82:!Segmentation!tractography!results!for!the!left!inferior!longitudinal!fasciculus.!!
Top$left:$$Atlas0$and$ROI0based$reconstruction$of$the$left$ILF,$generated$using$ExploreDTI$v4.8.3.$Top$r ight:$$Smooth$lined$scatter$plots$illustrating$the$FA,$MD,$AD$and$RD$values$of$epilepsy$patients$(red),$asymptomatic$
siblings$(green)$and$healthy$controls$(blue)$across$all$52$segments$of$the$left$ILF.$Bottom:$MANCOVA$p$values$signifying$vertexes$where$patients,$siblings$and/or$controls$demonstrated$significant$changes$in$FA,$MD,$AD$or$
RD$across$all$52$segments$of$the$left$ILF.$Segments$showing$statistically$significant$differences$between$groups$are$colour0coded$(see$index$on$bottom$right).$$$
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Figure!83:!Segmentation!tractography!results!for!the!right!inferior!longitudinal!fasciculus.!!
Top$left:$$Atlas0$and$ROI0based$reconstruction$of$the$right$ILF,$generated$using$ExploreDTI$v4.8.3.$Top$r ight:$$Smooth$lined$scatter$plots$illustrating$the$FA,$MD,$AD$and$RD$values$of$epilepsy$patients$(red),$asymptomatic$
siblings$(green)$and$healthy$controls$(blue)$across$all$52$segments$of$the$right$ILF.$Bottom:$MANCOVA$p$values$signifying$vertexes$where$patients,$siblings$and/or$controls$demonstrated$significant$changes$in$FA,$MD,$AD$
or$RD$across$all$52$segments$of$the$right$ILF.$Segments$showing$statistically$significant$differences$between$groups$are$colour0coded$(see$index$on$bottom$right).$$$
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6.3.1.5.&Uncinate&Fasciculus&(UF)&
!
A! one&way!MANCOVA!of! the! left!UF!did! not! reveal! any! significant! FA,!MD,!AD!or!MD!
changes!between!our!patient,!sibling!and!control!groups,!p<0.05.!A!second,!independent!
one&way!MANCOVA!of! the! right!UF! revealed!suggestive!FA!alterations!along!segments!
22!through!39!(F(2,120)=3.48&6.26,!p=0.034&2.64x10&3),!suggestive!MD!alterations!through!
segments! 14! to! 17! (F(2,120)=3.19&5.16,! p=0.045&0.007),! suggestive! AD! changes! through!
sections! 21! to!28! (F(2,120)=3.25&4.78,!p=0.042&0.01)! and! suggestive!RD! changes! through!
segments! 22! to! 25! (F(2,120)=3.54&5.31,! p=0.03&0.006)! and! 30! to! 38! (F(2,120)=4.1&7.35,!
p=0.019&0.001).! However,! none! of! these! results! survived! correction! for! multiple!
comparisons,!p>2.78x10&4.!!
!
!
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Figure!84:!Segmentation!tractography!results!for!the!right!uncinate!fasciculus.!!
Top#left:##Atlas/#and#ROI/based#reconstruction#of#the#right#UF,#generated#using#ExploreDTI#v4.8.3.#Top#r ight:##Smooth#lined#scatter#plots#illustrating#the#FA,#MD,#AD#and#RD#values#of#epilepsy#patients#(red),#asymptomatic#
siblings#(green)#and#healthy#controls#(blue)#across#all#50#segments#of#the#right#UF.#Bottom:#MANCOVA#p#values#signifying#vertexes#where#patients,#siblings#and/or#controls#demonstrated#significant#changes#in#FA,#MD,#AD#or#
RD#across#all#45#segments#of#the#right#UF.#Segments#showing#statistically#significant#differences#between#groups#are#colour/coded#(see#index#on#bottom#right).#
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!
6.3.1.6.%Heritability%of%WM%diffusion%changes%within%the%AF,%fornix,%PHC,%ILF%and%UF%
!
Table! 36! summarises! the!narrow3sense!heritability! (h2)! of! four!major! diffusion!parameters!
(FA,!MD,!AD!and!RD)!across!five!epilepsy3implicated!white!matter!tracts!in!26!paired!groups!
of! epilepsy! patients! and! their! asymptomatic! siblings.! FA! changes! demonstrated! the! most!
stable!heritability,!ranging!from!h2=0.44!in!the!arcuate!to!h2=0.62!in!the!fornix!and!h2=0.68!in!
the!UF.!Heritability!of!FA!changes!was!moderate!across!the!PHC!(h2=0.34)!and!low!across!the!
ILF!(h2=0.09),!although!a!high!standard!error!(SE!=!0.430.41)!was!observed!for!both!of!these!
low!estimates,!suggesting!more!data!are!required!to!increase!the!accuracy!of!the!estimation!
(see!table!32).!!
!
Three!of!these!five!heritability!estimates!diverged!markedly!from!previously3reported!values!
in! the! healthy! population280.! Jahanshad! et! al.’s! investigation! of! 400! healthy! individuals!
illustrated!higher!heritability!of!FA!changes!across!the!superior!longitudinal!fasciculus,!which!
includes! the! AF! (h2=0.7;! lower! SE=0.65,! upper! SE=0.76),! in! addition! to! significantly! more!
pronounced! FA! heritability! across! the! PHC! (h2=0.6;! lower! SE=0.5,! upper! SE=0.68)! and! ILF!
(h2=0.68;!lower!SE=0.6,!upper!SE=0.75).!Our!FA!heritability!estimate!for!the!fornix!(h2=0.62)!
fell!within!the!range!of!values!reported!by!Jahanshad’s!group!(h2=0.55,!lower!SE=0.49,!upper!
SE=0.66),!although!their!paper!did!not!report!a!heritability!estimate!for!the!UF.!
!
Heritability!of!MD!alterations!was!low3to3moderate!across!our!five!structures,!ranging!from!
h2=0! in! the! ILF! to! h2=0.16! in! the! PHC,! h2=0.18! in! the! uncinate,! h2=0.3! in! the! fornix! and!
h2=0.31! in! the! arcuate.! AD! changes! were! highly! heritable! across! the! AF! (h2=1)! and! more!
moderately! heritable! across! the! fornix! (h2=0.49),! uncinate! (h2=0.43),! PHC! (h2=0.4)! and! ILF!
(h2=0.29).! Heritability! of! RD! changes!was! variable,! ranging! from! as! high! as! h2=0.37! in! the!
uncinate!to!h2=0.11!in!the!fornix,!h2=0.012!in!the!PHC!and!h2=0!in!the!arcuate!and!ILF.!All!of!
!! !201#
these!non3FA!calculations!yielded!high!SE!values!(SE=0.3830.47),!indicating!that!any!MD,!AD!
and!RD!heritability!estimate!below!0.47!was!highly!variable!and!that!more!data!are!required!
to!increase!the!accuracy!of!the!estimate.!Heritability!of!these!non3FA!diffusion!metrics!(MD,!
AD!and!RD)!was!not!assessed!by!Jahanshad!et!al.280!!
!
Table&32:!Narrow3sense!heritability!(h2)!of!diffusion!changes!in!epilepsy!patients!and!their!asymptomatic!siblings!
 
Table# legend:#h2#=#narrow2sense#heritability,#SE#=#standard#error,#FA#=# fractional#anisotropy,#MD#=#mean#diffusivity,#AD#=#axial#
diffusivity,#RD#=#radial#diffusivity.#
!
! !
Structure! ! ! h2!(SE)!
& FA& MD& AD& RD&
Arcuate&fasciculus& 0.44&(0.37)& 0.31&(0.38)& 1&(0.37)& 0&(0.39)&
Fornix& 0.62&(0.43)& 0.3&(0.46)& 0.49&(0.44)& 0.11&(0.47)&
Parahippocampal&cingulum& 0.337&(0.41)& 0.16&(0.42)& 0.4&(0.41)& 0.11&(0.47)&
Inferior&longitudinal&fasciculus& 0.08&(0.4)& 0&(0.39)& 0.29&(0.39)& 0&(0.39)&
Uncinate&fasciculus& 0.68&(0.37)& 0.18&(0.41)& 0.43&(0.39)& 0.37&(0.4)&
!! !202#
6.4.!Discussion!
!
6.4.1.%White%matter%alterations%broadly%affect%the%midFlying%segments%of%temporal%
fibre%bundles%
The!present! study! set! out! to! investigate!possible!white!matter! alterations! across! five!WM!
fibres!directly!(or!closely)!connected!to!the!mesial!temporal!lobe!in!a!group!of!TLE!patients!
and! their! asymptomatic! siblings! (tracts! included! the! arcuate,! PHC,! ILF,! UF! and! fornix).! A!
recent!meta!analysis!conducted!by!Otte!and!colleagues268! found!that! these! five!WM!tracts!
are! significantly!disrupted! in!TLE;! collectively!accounting! for! approximately!51.2%!of! all! FA!
changes! and! 50.02%! of! all! MD! changes! in! the! brains! of! TLE! patients.! Our! investigation!
provides! further! support! for! the! biological! pertinence! of! WM! alterations! within! these!
structures! in!TLE;!once!again!demonstrating!significant!FA! reductions!and/or!MD! increases!
across! the! left& arcuate! (Bonferroni3corrected! MD! alterations,! suggestive! FA! alterations),!
right&arcuate!(suggestive!MD!and!FA!alterations)!right&PHC!(Bonferroni3corrected!FA!and!MD!
alterations),! left& fornix! (Bonferroni3corrected!FA!changes,! suggestive!MD!changes),! left& ILF&
(suggestive! FA! changes! only),& right& ILF! (suggestive! FA! changes,! Bonferroni3corrected! MD!
changes)!and!right&uncinate&fasciculus!(suggestive!FA!and!MD!changes).!!
!
Our! investigation! expands! upon! Otte! et! al.’s! original! meta3analysis! by! (i)! exploring! the!
segments!of!each!tract!that!show!the!most!profound!WM!alterations!and!(ii)!assessing!the!
suitability!of! these!WM!alterations!as!endophenotype!candidates! in!epilepsy.!Our! five! fibre!
bundles!of! interest!were! sub3divided! into!distinct! segments! corresponding! to! anatomically!
and! functionally! diverse! brain! regions;! revealing! that! the!most! significant!WM! alterations!
broadly!occurred!across! the! latter!50%!to!75%!of! the! left!and!right!arcuate,! right!PHC,! left!
fornix! and! right! ILF,! whereas! WM! organisation! within! the! first! 10340%! of! these! tracts!
remained! relatively! intact.! A! qualitative! interpretation! of! these! affected! ‘mid3way’! points!
!! !203#
would! suggest! that! most! WM! alterations! took! place! at! points! where! the! tract! passed!
through! the!mesial! temporal! regions! (see! figures! 77384).! This! could! provide! experimental!
support!for!the!role!of!hippocampus!as!a!principal!source!of!axonal!degradation!in!TLE.!It!is!
important! to! note! that! this! interpretation! is! speculative,! as! ExploreDTI! does! not! currently!
offer!tools!allowing!specific!WM!tract!segments!to!be!contextualised!in!terms!of!the!broader!
brain!regions!they!pass!through.!Nonetheless,!our!findings!still!act!as!an!important!‘proof!of!
principle’!for!the!along3tract!segmentation!methodology,!which!could!be!used!to!help!future!
clinical! practitioners! isolate! functionally! relevant! sections! of! fibre! bundles! during! tract3
specific!stimulation281!and!disconnection!techniques282,283.!
!
6.4.2.%FA%alterations%in%the%left%fornix%and%right%PHC%may%be%suitable%structural%
endophenotypes%in%temporal%lobe%epilepsy%
The!principal!aim!of!the!present!study,!beyond!replicating!Otte!et!al.’s268!broad!patterns!of!
WM! alterations! in! TLE,! was! to! assess! the! suitability! of! these! alterations! as! structural!
endophenotypes.! FA3! and! MD3based! WM! alterations! already! satisfy! two! key! criteria! as!
intermediate! phenotypes;! they! are! associated! with! illness! in! epilepsy! and! are! present!
regardless!of!whether! the! illness! is!active!or!not! (i.e.! in!both! the! ictal,!post3ictal!and! inter3
ictal!stages).! In!order!to!assess!the!third!criterion!for!an!endophenotype!(co3segregation! in!
patients! and! their! first! degree! relatives),! we! employed! deterministic! segmentation!
tractography! to! sporadic! non3lesional! TLE! patients! and! their! asymptomatic! same3gender!
siblings.! This! revealed! a! number! of! significant,! co3segregating! WM! microstructural!
alterations,!the!most!notable!of!which!occurred!along!(i)!the!left!arcuate,!where!patients!and!
siblings!showed!evidence!of!significantly! increased!MD!at!an!8mm!segment!within!the!first!
quadrant!of!the!tract!and!significantly!increased!RD!in!a!10mm!segment!near!the!middle!of!
the!tract,!(ii)!the!right!PHC,!where!patients!and!siblings!showed!shared!significantly!reduced!
FA! and! increased!RD!along! a! 4mm!segment! at! the!middle!of! the! tract,! (iii)! the! left! fornix,!
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where! patients! and! siblings! demonstrated! evidence! of! significantly! reduced! FA! and!
decreased!AD! in! two!overlapping!8mm!segments!within! the!mid3to3latter!half!of! the! tract,!
(iv)! the! right! fornix,! where! patients! and! siblings! showed! shared!MD! and! RD! changes! in! a!
small! (234mm)!segment! towards! the!end!of! the! tract!and!AD!changes! throughout!a!12mm!
segment!in!the!middle!of!the!tract!and!(v)!a!6mm!segment!at!the!start!of!the!right!ILF,!where!
patients!and!siblings!both!showed!evidence!of!significantly!decreased!AD.!!
!
In!order!to!address!the!fourth!criterion!for!a!suitable!structural!endophenotype!(heritability),!
we!employed!the!SOLAR!software!package!to!estimate!narrow3sense!heritability!of!FA,!MD,!
AD! and! RD! changes! along! our! five! tracts! of! interest! in! sporadic! TLE! patients! and! their!
asymptomatic!siblings.!Heritability!of!non3FA!changes!varied!greatly!and!was!associated!with!
standard!error!rates!typically!higher!than!the!h2!estimate!itself,!most!likely!due!to!our!small!
sample!size.!Previous!investigations!of!MD,!AD!and/or!RD!heritability!(although!sparse)!have!
shown!similar!fluctuations!in!the!heritability!of!non3FA!measures284.!Although!our!results!are!
promising,! larger! studies!of!MD,!AD!and/or!RD!heritability! in!a! similar! cohort! are! required!
before! conclusive! statements! can! be! made! with! regard! to! the! suitability! of! non3FA!
alterations!as!epilepsy!endophenotypes.!!
!
Heritability!of!FA!alterations!was!relatively!higher!across!four!of!our!five!tracts!of!interest!–!
reflecting!the!more!consistently3verified!and!generally!stable!heritability!of!FA!changes!in!the!
literature261,285,286.! The! UF! demonstrated! the! highest! h2! estimate,! although! paired! sibling!
groups! did! not! show! statistically! significant! evidence! of! shared! FA! impairment! across! the!
structure,! so! we! excluded! the! UF! from! our! list! of! suitable! structures! for! intermediate!
phenotypes.! Similarly,! any! shared! FA! alterations! across! the! AF! and! ILF! failed! to! survive!
Bonferroni!correction,!so!both!of!these!structures!were!rejected!as!possible!endophenotype!
candidates.!!
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Moderate!heritability!estimates!were!observed!across!our!two!remaining!fibre!bundles!–!the!
fornix!(h2=0.62)!and!the!PHC!(h2=0.34).!Estimates!for!the!fornix!corresponded!with!previously!
reported! values! in! healthy! control! populations280! as! well! as! clinical! populations! such! as!
psychiatric! patients263.! FA! heritability! for! the! PHC!was! associated! with! a! high! SE! and! was!
lower!than!the!value!calculated!by!Jahanshad!et!al!(h2=0.6).!However,!other!investigations!of!
the! structure! have! reported!h2! estimates! closer! to! the! one! reported! in! the! present! study,!
ranging! from!h2=0.31! in! a! study! of! patients!with! neurocognitive! decline287! to!h2=0.43! in! a!
study!of!467!healthy!individuals262.!Both!the!left!fornix!and!right!PHC!demonstrated!specific,!
statistically!significant!FA!alterations!in!our!patient!and!asymptomatic!sibling!groups.!These!
findings,! alongside! the!heritability! estimates! reported! in! the!present! and!previous! studies,!
provide! support! for! the! suitability! of! FA! changes! in! the! left! fornix! and,! (noting! lower!
heritability),!the!right!PHC,!as!potential!structural!endophenotypes!in!TLE.!!
!
6.4.3.%Limitations%and%future%directions%
The!present!study!conducted!deterministic!tractography!without!reference!to!patients’!sides!
of!seizure!onset,!which!were!only!reliable!in!23!of!the!26!sporadic!TLE!patients.!Furthermore,!
our! study! was! restricted! to! non3lesional! TLE! patients! in! order! to! eliminate! the! potential!
variability!of!mesial! temporal!atrophy!due!to!environmental!causes! (febrile!seizures,!status!
epilepticus,! meningitis/encephalitis! and! head! injury).! ! Other! factors! that! we! could! not!
consider,! such! as! recurrent! seizure! propagation,! may! explain! the! broad! diffusion!
impairments! observed! in! MTLE! patients.! Nonetheless,! the! presence! of! similar! (albeit!
attenuated)!WM!alterations!in!our!asymptomatic!sibling!group!indicates!that!diffusion3based!
WM!alterations!observed!in!epilepsy!are,!at!least!in!part,!under!genetic!control.!
!
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The! precise! extent! of! this! genetic! control! may! be! confounded! by! a! number! of!
methodological! limitations.!First,!our!study!design!did!not!allow!for!assessment!of!epilepsy!
chronicity,!including!the!influence!of!recurrent!seizure!activity!and!medication!effects!–!any!
impact!of!which!would!reduce!heritability.!Second,!our!deterministic!tractography!approach,!
although!considered! robust!and! reliable276,!may!have!overlooked!several!alternative! limbic!
connections!that!could!possibly!be!detected!by!probabilistic!methods.!Our!323direction!DTI!
images! may! also! limit! the! deterministic! technique’s! ability! to! fully! reconstruct! points! at!
which! tracts! bend! or! cross! other! fibres.! Future! studies! utilizing! high! angular! resolution!
diffusion!(HARDI)! techniques!may!address!this! issue.!Third,! the!heritabilities!of!FA,!MD,!AD!
and!RD!changes!across!our!WM!tracts!of! interest!were!associated!with!very!high!SE! rates.!
Biases!and!variability!of!heritability!estimates!are!a!function!of!sample!size!in!SOLAR,!and!our!
cohort!of!26!paired!epilepsy! siblings! fell! below! the! recommended! size!of! 40! to!80! siblings!
pairs!/!familial!units!needed!to!reliably!disentangle!environmental!and!genetic!effects288.! In!
order! to! address! this! issue,! future! studies! could!examine!a! greater!number!of! first3degree!
relatives!and!possibly!extend!their! investigations!to!monozygotic!twin!pairs!–!however,!the!
analysis!of!40+!paired!siblings!or!monozygotic!twins!would!likely! involve!a!complicated!and!
time3consuming! recruitment! process.! Fourth,! the! application! of! Bonferroni! correction! to!
address!the!issue!of!multiple!comparisons!along!the!length!of!each!tract!of!interest!may!be!
considered!an!overly!conservative!approach,!as!each!2mm!vertex!was!not!independent!of!its!
neighbouring!vertices.!John!B.!Colby!and!colleagues!have!addressed!this!issue!by!suggesting!
that!future!studies!apply!permutation!testing!to!control!for!the!increased!number!of!multiple!
comparisons:!
One!consequence!of!choosing!the!serial!univariate!approach!is!that!the!family3wise!
Type!1!error!rate!of!the!individual!t3tests!along!the!tracts,! if!examined!directly,!will!
be!inflated!due!to!the!increased!number!of!multiple!comparisons...!To!address!this,!
we! can! apply! permutation!methods! to! adjust! the! p3values! and! control! the! Type! 1!
error.! Using! the! test! for! group! differences! as! an! example,! we! assume! there! is! no!
group! effect! under! the! null! hypothesis,! and! therefore! that! the! group! labels! are!
exchangeable.!The!group!labels!can!then!be!permuted,!the!model!fit!once!again,!and!
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the! maximum! statistic! across! all! comparisons! recorded.! This! process! is! repeated!
many! times! to! empirically! build! up! the! distribution! of! the!maximum! test! statistic!
under! the! null! hypothesis.! To! determine! how! extreme! the! test! statistics! obtained!
from! the!model! fit! to! the! real!data!are,! one! can! simply! compare! them! to! this!null!
distribution!in!order!to!obtain!p3values!corrected!for!multiple!comparisons.!
Colby%et%al274,%pp.%3232%
!
Finally,! despite! recruiting! a! comparable! number! of! patients! with! left3! and! right3sided!
seizures,!the!side!of!seizure!onset!could!not!be!reliably!validated!for!three!patients,!whereas!
a!fourth!appeared!to!manifest!bilateral!seizures.!Future!studies!using!a!larger!cohort!of!richly!
phenotyped! unilateral! TLE! patients! should! divide! their! analysis! between! tracts! on! the!
ipsilateral!and!contralateral! sides!of! seizure!onset! in!order! to! improve! the!clinical!utility!of!
their!deterministic!tractography!findings.!!
!
!
6.4.4.%Conclusions%
The! present! study! suggests! that! fractional! anisotropy! changes! in! the! left! fornix! and! right!
parahippocampal! cingulum!are! (i)! associated!with!TLE,! (ii)!heritable,! (iii)! state3independent!
and! (iv)! co3segregate! in! epilepsy! patients! and! their! unaffected! siblings.! These! findings!
support! the! utility! of! diffusion3based!white!matter! alterations! (in! particular! the! left! fornix!
and! right! parahippocampal! cingulum)! as! endophenotypes! for! TLE,!which! could! be! used! to!
improve!future!subtyping!and!gene!discoveries!in!the!disorder.!Further!work!in!independent!
cohorts!is!required!to!confirm!these!observations.!
!
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7.1.!Summary!of!major!findings!
The! present! thesis! employed! a! diverse! array! of! genome3wide! mapping! and! magnetic!
resonance! imaging! techniques! in! order! to! improve! our! understanding! of! the! genetic! and!
neurobiological! factors!contributing! towards! the!development!and!progression!of!epilepsy.!
The! first! three! experimental! chapters! explored! the! role! of! common! genetic! variation! in!
epilepsy;! the! fourth! experimental! chapter! shifted! our! attention! towards! some! unresolved!
phenotypic!ambiguities!in!the!disorder,!whereas!the!fifth!experimental!chapter!attempted!to!
identify!a!pertinent!intermediate!phenotype,!or!endophenotype,!along!the!pathway!between!
distal! genotype! and! disease! phenotype.! Our! five! major! findings! can! be! summarised! as!
follows:!
%
7.1.1.%Common%genetic%variants%associate%with%common%forms%of%epilepsy%%
In! chapter!2,!we! studied!3!of! a! total!of!9! case3control! groupings!as!part!of! the! first!meta3
genome3wide!association! study! in!epilepsy,! comprising!8,696!epilepsy!patients! and!26,157!
healthy! controls! in! total.! Meta3analysis! on! the! entire! epilepsy! cohort! (irrespective! of!
subtype)!revealed!a!locus!at!2q24.3!implicating!SCN1A!and!a!second!locus!at!4p15.1!close!to!
the!PCDH7!gene.!A!second!meta3analysis,!focusing!on!IGE!patients!only,!identified!a!signal!at!
2p16.1,! implicating! the!VRK2%gene.!A! third! and! final!meta3analysis! of! LRE!patients! did! not!
reveal!any!genome3wide!significant!signal.!This!third,! insignificant!finding!may!be!explained!
by! the! phenotypic! diversity! of! LRE,!which! can! be! broken! down! into! frontal! lobe,! occipital!
lobe,!parietal!lobe!and!temporal!lobe!epilepsies!(and,!accordingly,!sub3divided!into!‘lesional’!
and!‘non3lesional’!forms!of!each!sub3type).!We!aim!to!address!this!phenotypic!heterogeneity!
in!a!follow3up!GWAS!of!more!specific!epilepsy!sub3types.!The!study!supports!our!hypothesis!
that!common!genetic!variants!are!associated!with!common!forms!of!epilepsy.!!
!
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7.1.2.%Common%genetic%variants%nominally%associated%with%common%epilepsies%show%
evidence%of%statistical%correlation%with%common%genetic%variants%nominally%associated%
with%hippocampal/putamen%volume%
In!chapter!3,!we!tested!for!possible!statistical!overlap!between!the!results!of!our!ILAE!GWAS!
meta3analysis! (chapter! 2)! and! an! independent! investigation! of! common! genetic! variants!
predisposing! to! subcortical! volumes! (ENIGMA2! –! in! submission).! After! correcting! for! both!
false! discovery! rate! and! family3wise! error,! two! sets! of! nominal! subcortical! variants!
(predisposing!towards!hippocampal!and!putamen!volumes,!respectively)!showed!evidence!of!
statistical! overlap! with! nominally! associated! variants! predisposing! towards! epilepsy! risk.!
These! findings! led! us! to! propose! the! hypothesis! that! morphological! brain! alterations!
observed! in! epilepsy,! typically! attributed! to! acquired! factors,! may! also! be! influenced! by!
genetic! factors.! However,! further! investigations! of! the! polygenic! effects! of! hippocampal!
volume! variants! (chapter! 4)! and! co3segregation! of! brain! alterations! in! affected! and!
unaffected!siblings!(chapter!6)!were!conducted!in!order!to!explore!this!hypothesis.!!
!
7.1.3.%Common%genetic%variants%associated%with%hippocampal%volume%do%not%appear%
to%exert%a%polygenic%effect%on%epilepsy%predisposition%(further%work%in%larger%cohorts%is%
required%to%support/reject%this%observation)%
In! chapter! 4,!we! tested! the! hypothesis! that! variants! predisposing!en%masse! to! changes! in!
hippocampal! volume!may,! in! turn,! contribute! to! epilepsy! predisposition.!We! summarised!
variation! across! nominally! associated! SNPs! from! the! ‘ENIGMA2’! project! (paper! in!
submission)! into!quantitative! ‘risk’! scores!and! related! these! scores! to!disease! state! in! (i)! a!
phenotypically! mixed! sample! of! epilepsy! patients! (n=2,502),! (ii)! four! epilepsy! ‘subtypes’,!
including!LREs!(n=1,801),!lesional!epilepsies!(n=280),!nonlesional!epilepsies!(n=614)!and!IGEs!
(n=194)!and!(iii)!an!independent!sample!of!healthy!controls!(n=5,191).!Results!did!not!reveal!
a! significant! association! between! disease! state! and! risk! score:! observed! scores! only!
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explained!a!small!fraction!(030.2%)!of!total!variance!in!our!risk!model.!These!findings!suggest!
that!being!genetically!predisposed!to!having!smaller!hippocampal!volume!may!not!be!a!risk!
factor!for!epilepsy!in!general.!However,!further!analysis!using!larger!samples!of!more!specific!
epilepsy!sub3phenotypes!is!planned!in!order!to!confirm!or!reject!this!position.!!
!
!
7.1.4.%Lesional%and%nonFlesional%TLE%are%network%disorders%showing%distinct%patterns%
of%connectivity%alterations%
In! chapter! 5,! we! employed! deterministic! tractography! to! compare! the! white! matter!
connectivity!networks!of!(i)!40!nonlesional!TLE!patients!versus!65!healthy!controls!and!(i)!24!
lesional! TLE! patients! and! 65! healthy! controls.! Results! revealed! distinct! connectivity!
alterations! in!TLE3MTS!and!TLE3no.! The! former!group! (TLE3MTS)! showed! fibre3count3based!
connectivity! impairments! between! the! hippocampus,! caudate! and! thalamus.! FA! and! MD!
alterations! were! also! observed! across! bilateral! temporal,! occipital,! frontal! and! deep!
cerebellar! regions.! The! latter! group! (TLE3no)! showed! fibre3count3based! connectivity!
impairments! between! the! amygdala,! caudate! and! thalamus.! FA! alterations!were! observed!
across!voxels!in!the!inferior!temporal,!occipital!and!frontal!lobes.!These!results!support!our!
hypothesis! that! lesional! and! non3lesional! TLE! patients! have! distinct! structural! connectivity!
profiles! –! providing! support! for! previous! experimental! claims! that! lesional! TLE! involves!
extensive! white! matter! disruptions! originating! at! the! hippocampus,! whereas! non3lesional!
TLE! appears! to! involve!more! discrete! alterations! originating! in! extra3hippocampal! regions!
(i.e.!the!amygdala)241,242.!
%
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7.1.5.%White%matter%alterations%along%the%fornix%and%parahippocampal%cingulum%may%
be%suitable%endophenotypes%in%TLE%
In!chapter!6,!we!conducted!atlas3guided!segmentation!tractography! in!order!to! isolate!and!
characterise,! in!a! cohort!of!26!non3lesional!TLE!patients,!26!of! their! asymptomatic! siblings!
and!70!healthy!controls,!five!major!white!matter!tracts!that!had!previously!been!implicated!
in! epilepsy! via! a! well3powered! meta3analysis.! Results! revealed! patterns! of! white! matter!
alteration! across! four! of! these! five! tracts! in! non3lesional! TLE! patients! (arcuate,! cingulum,!
fornix,!inferior!longitudinal!fasciculus)!and!three!of!these!five!tracts!in!asymptomatic!siblings!
of! non3lesional! TLE! patients! (arcuate,! cingulum,! fornix)! compared! to! healthy! controls.!
Heritability! (h2,! calculated! in! our! cohort)! of! FA3based! white! matter! alterations! was!
moderate3to3high! in! two!of! these! tracts:! the! parahippocampal! cingulum! (h2=0.34)! and! the!
fornix! (h2=0.62),! although! the! former!was!associated!with!a!high! standard!error! (SE=0.41).!
These!results!support!the!utility!of!diffusion3inferred!white!matter!abnormalities!as!epilepsy!
endophenotypes!that!could!be!used!to!improve!future!subtyping!and!gene!discoveries!in!TLE,!
although!further!work!in!independent!cohorts!is!necessary!to!confirm!our!observations.!
!
Let!us!now!consider!some!broad!interpretations!of!these!findings;!from!their!implications!for!
the! ‘common!disease,! common!variant’! hypothesis,! to! the!possibly! overlooked! role! of! the!
basal!ganglia!in!epilepsy,!to!the!role!of!multi3modal!imaging!in!epilepsy!research!and!how!a!
planned!imaging%genetics!epilepsy!consortium!may!help!inform!our!overall!understanding!of!
the!genetic!and!neurobiological!underpinnings!of!the!disorder.!!
!
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7.2.!Has!the!‘common!disease,!common!variant’!
hypothesis!run!its!course!in!epilepsy!genetics!research?!!!!
The! work! presented! in! this! thesis! has! helped! uncover! three! genome3wide3significant,!
common!genetic! variants!predisposing! to! common! forms!of!epilepsy.!However,! some!may!
argue!that!–!for!an!international,!multi3centre!collaboration!analysing!genotypes!on!tens!of!
thousands!of!participants!–!the!clinical!relevance!of!these!results! is!minimal.!Genome3wide!
meta3analyses! have! identified! over! one! hundred! risk! loci! for! SZ71,108,121! and! several!
susceptibility!variants! for!autism2893291!and!have!gone!on!to! illustrate!how!common!genetic!
variants!account!for!~33%!(SZ)183!and!52.4%!(autism)292!of!total!variation!in!liability!for!these!
disorders,! respectively.! In! contrast,! the! contributions! of! common! genetic! variation! to!
epilepsy! risk! are! still! largely! unknown! and! our! findings! are! unlikely! to! re3ignite! the! initial!
optimism! for! the! ‘common! disease,! common! variant! (CDCV)’! hypothesis! that! prevailed! in!
epilepsy!research!six!or!seven!years!ago.!This!may!be!attributed!to!three!factors;!sample!size,!
the!phenotypes!we! considered!and! certain!noted! shortcomings!of! the!GWAS! technique! in!
and!of!itself293.!
!
First,! although! the! ILAE!meta3genome3wide!analysis!presented! in! chapter!2! represents! the!
single!largest!genome3wide!mapping!effort!in!epilepsy!to!date,!the!study’s!total!sample!size!
(8,696!cases!and!26,157!controls)!still!falls!short!of!large3scale!efforts!by!groups!such!as!the!
PGC!(whose!recent!paper!conglomerated!data!on!33,332!cases!and!27,888!controls)294.!Our!
study!identified!three!common!genetic!variants!associated!with!epilepsy,!but!recent!studies!
have!estimated!that! there!are!at! least!400!(although!potentially!many!thousand)!common,!
causal! genetic! variants! influencing!disease! susceptibility256.! In! an! attempt! to! identify! these!
400+! causal! variants,! the! epilepsy! research! community!will! continue! to!work! towards! the!
strong! statistical! power! boasted! by! groups! like! the! PGC.! The!work! presented! in! chapter! 2!
represents!the!first!major!milestone!in!achieving!this!goal.!!
!
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Second,! in! terms! of! the! phenotypes! being! considered! in! epilepsy! genetics! research,!
Greenberg!et!al.293!argue!that!genetic!effects!are!often!lost!when!diverse!clinical!phenotypes!
are!‘lumped’!together.!The!authors!use!IGE!as!an!example:!
!
The! range! of! phenotypic! syndromes! that! fall! under! the! classification! of!
IGE! is! notable—childhood! absence,! juvenile! absence,! juvenile!myoclonic!
epilepsy! (JME),! epilepsy! with! generalized! tonic–clonic! seizures! (and!
variations)! and! awakening! grand! mal,! photomyoclonic,! or!
photoconvulsive! seizures,! to! name! a! few.! The! assumption! that! these!
diverse!phenotypes! share! the! same!genotype! is! similar! to! assuming,! for!
example,! that! all! ‘mental! retardation’! draws! on! the! same!narrow! set! of!
genes! and! that,! by! lumping! them! together,! some! of! those! genes! will!
‘show!up.’!
Greenberg%et%al.293,%pp.72%
%
Investigators!must!stop!treating!IGE!as!though!it!were!a!single!diagnostic!
and! genetic! entity,! or! the! field! will! find! itself! in! the! same! position! as!
psychiatry!with!regard!to!the!Axis!I!disorders—30!years!of!genetic!studies!
and!little!to!show!for!them.!
Greenberg%et%al.293,%pp.74%
Because! the! genetic! architecture! of!most! common! epilepsies!was! largely! unknown!before!
our! study! commenced,! the! ILAE! consortium! initially! adopted! this! phenotypic! ‘lumping’!
approach! as! a! pragmatic,! exploratory! starting! point.! However,! the! consortium! intends! to!
address! the! issues! raised! by! Greenberg! by! performing! a! series! of! secondary! analyses! on!
specific!epilepsy!subtypes,!splitting!LREs!into!lesional,!non3lesional!and!‘other’!focal!subtypes!
and! IGEs! into! absence! and! JME! subtypes.! One! major! disadvantage! of! this! ‘phenotype!
splitting’! approach! (based! on! preliminary! sub3phenotype! analyses! conducted! by! our!
research!group)!is!the!associated!reduction!in!sample!size,!typically!caused!by!unclear!clinical!
histories!or!failures!to!exclude!participants!who!do!not!meet!exacting!criteria.!For!instance,!a!
patient!may!be!diagnosed!with! ‘focal’! epilepsy,!but! the! type!of!epilepsy! (TLE,!OLE,! FLE)!or!
pathology! (lesional,! non3lesional)!may! be!missing.! Ultimately,! this! substantial! reduction! in!
sample! size! limits! our! statistical! power! to! detect! an! effect! for! any! one! of! the! phenotypes!
under! investigation.! This! is! an! issue! that,! unfortunately,! will! continue! to! plague! genetic!
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mapping! efforts! in! common! epilepsies! until! a! more! sophisticated! model! for! collecting,!
organising! and! updating! patient! phenotypes! (such! as! the! Electronic! Patient! Record! at!
Beaumont!Hospital)!is!established!on!a!national!and!international!scale.!!
!
Second,! GWAS,! like! all! genetic! mapping! techniques! of! past! and! present,! is! not! without!
certain!methodological! flaws.! Although! the! technique! is! sensitive! and! offers! the! ability! to!
detect! even! minor! influences! on! disease! risk,! it! can! often! overlook! major! influences! on!
common!diseases!by!assuming!LD!exists!between!a!single!marker!allele!and!a!single!disease3
related! allele,! disregarding! the!possibility! of! allelic! heterogeneity293.!Moreover,! uncovering!
the! precise! biological! mechanisms! through! which! any! identified! genome3wide3significant!
locus!exerts! its!effect!can!be!resource3intensive.!The!associated!SNP!may!be! in!the!disease!
locus!or!may!be!some!distance!away!from!the!disease! locus!–!raising!questions!concerning!
which!disease!gene!is!the!right!gene,!which!aspects!of!the!disease!phenotype!it!affects!and,!
indeed,! whether! it! is! even! worthwhile! pursuing! this! discovered! effect! when! it! may! have!
minimal! influences! on! overall! disease! expression.! These! inherent! flaws! have! led! some! to!
argue! for! the! implementation! of! whole3exome3! (WES)! and! whole3genome! sequencing!
(WGS);!moving! away! from! the! CDCV! hypothesis! towards! a! ‘common! disease,! rare! variant!
(CDRV)’!paradigm!which!postulates!that!the!exons!of!a!disease!gene!contain!many!rare,!risk3
conferring!mutations293.!
!
Nonetheless,!WES! and!WGS! will! likely! suffer! from! the! same! problems! currently! faced! by!
GWAS.! Normal! variation! and! disease! variation! will! remain! difficult! to! disentangle.! The!
stringent! statistical! threshold! associated! with! GWAS! (p=5x1038)! will! become! even! more!
stringent! when! surveying! 3x1039! base! pairs.! Phenotypic! ‘lumping’! will! be! an! unavoidable!
necessity!until!additional!financial!resources!are!allocated!to!dedicated!phenotype!databases!
at!clinical!epilepsy!centres.!Therefore,!a!grand!departure!from!the!CDCV!hypothesis!towards!
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a!CDRV!paradigm!in!epilepsy!would!be!an!impractical!and!largely!premature!move.!CDCV!and!
GWAS!still!have!their!place:!however,!future!genetic!mapping!efforts!should!be!guided!by!a!
multimodal! perspective;! combining! WGS! and! WES! in! families,! more! phenotypically3
enhanced,!large3scale!GWAS!meta3analyses!and!explorations!of!previously3unchartered!DNA!
elements! (such! as! the! ENCODE! project295)! into! an! integrative! database! of! genetic! variants!
and! their! fine3grained! epilepsy! phenotypes.! As! repositories! like! the! Epilepsy!
Genome/Phenome!Project!attempt! to!conglomerate!genotype!data,!electronically!updated!
phenotype!data!and!EEG!and!neuroimaging!data!on!almost!4,000!patients!with!non3acquired!
epilepsy296,!it!is!hoped!that!the!field!is!slowly!but!surely!progressing!towards!this!integrative!
approach.!!
!
7.3.!Do!the!basal!ganglia!play!a!more!prominent!role!in!
epileptogenesis!than!previously!considered?!!!!!
Classic! anatomists! typically! describe! the! basal! ganglia! (BG)! as! a! collection! of! ‘large! grey!
masses’!embedded!deep!within!the!white!matter!of!each!cerebral!hemisphere,!consisting!of!
the! caudate! nucleus,! lentiform! nucleus! (putamen! and! pallidum),! subthalamic! nucleus!
(ventral!to!the!thalamus)!and!substantia!nigra!(see!figure!85)297.!The!collective!role!of!these!
structures!in!epilepsy!has!long!been!debated.!Some!have!argued!that!the!BG!can!dynamically!
control! generalised! seizures! through! its! connections! to! motor,! premotor,! prefrontal! and!
limbic!cortical!areas298,299.!Others!have!highlighted!a!role!for!the!structure! in!temporal! lobe!
seizures! via!dopaminergic! functional! alterations300.!Others! still! have! insisted! that! the!BG! is!
not!directly!involved!in!TLE,!but!rather!plays!an!inhibitory!role!in!temporal!lobe!seizures!via!
its! feedback! pathways! to! the! cortex174,232.! However,! a! general! consensus! has! yet! to! be!
established.!!
!
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&
Figure&85:&Anatomical&localisation&of&the&thalamus&and&basal&ganglia&(BG).&
BG# is# viewed# from# the# left# in# this# image.# The# thalamus# and# BG# are# located# close# together,# with# the# ventral# portion# of# the#
thalamus#comprising#part#of#the#BG.#Other#parts#of#the#BG#include:#(i)#putamen#(ii)#pallidum#(iii)#substantia#nigra#and#(iv)#caudate.#
Image#adapted#from#Herrero#et#al.297#
!
Four!of!the!five!experimental!chapters! in!this!thesis!have! implicated!parts!of!the!BG! in!the!
genetic!and!symptomatic!aetiology!of!epilepsy.!For!example,!chapter!2!identified!a!genome3
wide!variant! covering! the!3’! end!of!PCDH7,! a! gene! that! is!predominantly!expressed! in! the!
thalamocortical! circuitry132.! In! chapter! 5,! correlation! analysis! revealed! a! significant!
association! between! duration! of! epilepsy! and! thalamo3caudate! network! disruption;!
supporting! the! hypothesis! that! abnormal! thalamic! connectivity! is! associated! with! chronic!
temporal! epileptogenesis233,234.! Chapter! 5! also! identified! connectivity! disruptions! between!
two! key! components! of! the! BG! –! the! caudate! and! the! thalamus.! Chapter! 3! illustrated! a!
statistical! overlap! between! variants! associated! with! putamen! volume! and! variants!
associated!with! epilepsy! risk.! Finally,! chapter! 6! demonstrated! significant! co3segregation!of!
white!matter!alterations!along! the! fornix! in!TLE!patients!and! their!unaffected! siblings.!The!
fornix! connects! anterior! thalamic! regions! to! the! hippocampus301.!Overall,! it! is! tempting! to!
speculate!that! these! findings!represent!a! longitudinal!neurodegenerative!process,!whereby!
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(i)!TLE!patients!inherit!smaller!BG!structures,!like!the!putamen!(ii)!these!smaller!BG!volumes!
lead! to! poorer! seizure! control,! (iii)! poorly! controlled! seizures! lead! to! impaired! intra3basal!
connectivity!(between!the!caudate!and!thalamus)!and!inter3basal!connectivity!(between!the!
BG! and! other! limbic! structures,! like! the! amygdala! and/or! hippocampus),! (iv)! impaired!
connectivity! leads! to! more! frequent! epileptic! seizures! and! (v)! frequent! epileptogenesis!
exacerbates!neurodegenerative!processes!affecting!BG!volume!and!connectivity!alterations!
within!the!BG!and!the!connections!between!it!and!other!limbic!structures!(see!figure!86).!!
&
Figure&86:&Speculative&neurodegenerative&process&involving&the&basal&ganglia&and&connected&mesial&temporal&structures.&&
A#genetically#inherited#smaller#BG#may#be#associated#with#poor#seizure#control.#Frequent#seizure#activity#may#contribute#towards#
impaired# connectivity# both# within# BG# structures# and# between# the# BG# and# mesial# temporal# structures# (e.g.# hippocampus,#
amygdala).#This#impaired#connectivity#may#lead,#in#turn,#to#more#frequent#epileptogenesis.#Further#work#is#required#in#order#to#
explore#this#proposed#model#of#seizure#deterioration.##
!
However,! it! is! imperative! to! reemphasise! that! this! proposed! neurodegenerative!model! of!
seizure! deterioration! is! speculative.! Further! analysis,! drawing! from! a! wide! range! of!
innovative!genetic!and!neuroimaging!and!techniques,! is!crucial!to!our!understanding!of!the!
broader!biological!implications!of!the!presented!work.!!!
!
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putamen)!
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7.4.!Thesis!limitations!!
As! previously! discussed! throughout! sections! 2.4,! 3.4,! 4.4,! 5.4! and! 6.4,! all! five! studies!
presented! as! part! of! this! thesis! were! constrained! by! a! number! of! theoretical! and!
methodological!limitations.!These!limitations!included:!(i)!identification!of!a!modest!number!
of!genome3wide!significant!genetic!variants,!despite!recruiting!a!sizeable!number!of!patients!
(N=8,696)! and! controls! (N=26,157)! in! chapter! 2,! (ii)! a! weak! overall! statistical! correlation!
(despite!significant!correlations!between!specific!clusters!of!SNPs!for!the!hippocampus!and!
putamen)! between! ENIGMA! GWAS! results! and! ILAE! GWAS! results! in! chapter! 3,! (iii)! a!
spurious,! likely!noise3driven!polygenic!signal! in!chapter!4!and! (iv)! several! limitations!of! the!
MR! imaging! techniques!employed! throughout! chapters!5!and!6.! In! the!context!of!our!MRI!
chapters,! the!first!and!perhaps!most!marked! limitation!was!their!small!and!uneven!sample!
sizes.!For!example,!in!chapter!5,!we!recruited!24!TLE3MTS!patients,!40!NLTLE!patients!and!65!
controls,!respectively.!A!post3hoc!sensitivity!test!conducted!using!GPower302!estimated!that!–!
for!a!p3value!of!0.05!and!overall!sample!size!of!N=129!–!the!TBSS!study!conducted!in!chapter!
5!had!under!100%!power!to!detect!a!large!effect!(Cohen’s!f2!=!0.16),!78%!power!to!detect!a!
moderate!effect!(Cohen’s!f2!=!0.06)!and!18%!to!detect!a!small!effect!(Cohen’s!f2=!0.01).!!
!
Figure&87:&Sensitivity&test&for&connectomics&/&TBSS&study&(chapter&5).&&
The#sensitivity#test,#conducted#using#GPower,#revealed#that#the#TBSS#analysis#had#just#under#100%#power#to#detect#a#large#effect#
(Cohen’s# f2#=#0.16),#78%#power#to#detect#a#moderate#effect# (Cohen’s# f2#=#0.06)#and#18%#to#detect#a#small#effect# (Cohen’s# f2#=#
0.01).#Response#variables#=#FA,#MD,#AD,#RD.#Cohen’s#f2#Is#one#of#several#measures#of#effect#size#that#can#be#used#in#the#context#of#
an#F2test#or#MANOVA.#
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Similarly,! for! chapter! 6,!we! recruited! 26!NLTLE!patients,! 26! of! their! asymptomatic! siblings!
and!69! controls.!Assuming!a!p3value!of!0.05!and!an!overall! sample! size!of!121,!a!post3hoc!
sensitivity!test!estimated!that!this!endophenotypes!study!had!under!100%!power!to!detect!a!
large!effect! (Cohen’s! f2!=!0.16),!75%!power!to!detect!a!moderate!effect! (Cohen’s! f2!=!0.06)!
but!only!15%!power!to!detect!a!small!effect!(Cohen’s!f2!=!0.01).!!
!
Figure&88:&Sensitivity&test&for&DTI&endophenotypes&study&(chapter&6).&&
The#sensitivity#test,#conducted#using#GPower,#revealed#that#the#endophenptypes#analysis#had#just#under#100%#power#to#detect#a#
large#effect# (Cohen’s# f2# =# 0.16),# 75%#power# to#detect# a#moderate# effect# (Cohen’s# f2# =# 0.06)# and#15%# to#detect# a# small# effect#
(Cohen’s#f2#=#0.01).#Response#variables#=#FA,#MD,#AD#and#RD.#Cohen’s#f2#Is#one#of#several#measures#of#effect#size#that#can#be#used#
in#the#context#of#an#F2test#or#MANOVA.##
!
Neither! of! these! sensitivity! tests! took! the! uneven! spread! of! cases! and! controls! into!
consideration.!It!is!therefore!highly!likely!that!the!MRI!studies!presented!in!chapters!5!and!6!
were! underpowered! to! detect! subtle! white! matter! changes! in! their! respective! TLE3MTS,!
NLTLE! and! asymptomatic! sibling! groups.! Other! important! limitations! of! these! studies!
included!their!use!of!deterministic!tractography!(as!opposed!to!the!arguably!more!accurate!
probabilistic!approach),!acquisition!of!323direction!DTI!data!(which!has!now!been!surpassed!
in!terms!of!resolving!crossing!fibres!by!HARDI!techniques)!and!highly!conservative!Bonferroni!
correction! for!multiple!comparisons!across! imaging!biomarkers! (for!example,!we!corrected!
for!FA,!MD,!AD!and!RD!in!our!TBSS!analysis!by!dividing!the!alpha!level!by!four,!despite!a!high!
degree! of! dependence! between! these! measures,! having! been! derived! from! the! same!
diffusion! ellipsoid).! Future! investigations! should! consider! these! theoretical! and!
methodological! limitations! before! they! attempt! to! confirm! or! expand! upon! the! results!
presented!throughout!chapters!2!to!6.!!
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7.5.!Future!directions!
Throughout!the!five!experimental!chapters!of!the!present!thesis,!I!have!attempted!to!clarify!
several! fundamental! research! questions! on! the! genetic! (chapters! 234)! and! phenotypic!
(chapters!536)!underpinnings!of!epilepsy.!It!is!hoped!that!the!presented!work!will!serve!as!a!
foundation! for! several! potential! post3doctoral! research! projects,! two! of! which! I! will! now!
consider!in!greater!detail.!!
!
7.5.1.%A%longitudinal%investigation%of%postFictal%diffusion%abnormalities%in%epilepsy%
As!we!have!speculated!in!figure!86,!epilepsy!may!involve!a!series!of!circuitous!grey!and!white!
matter! changes! that! are! exacerbated! over! time! as! a! result! of! recurrent! epileptogenesis.!
However,!the!cumulative!neurodegenerative!effects!of!recurrent!seizure!activity!have!yet!to!
be! properly! quantified.! Status! epilepticus! (a! continuous! seizure! that! lasts! for! at! least! 30!
minutes)! is! generally! accepted! as! a! highly! deleterious! neurodegenerative! phenomenon303,!
but!the!acute!and!long3term!neurological!consequences!of!a!more!common,!032!minute!focal!
or! generalised! seizure! have! only! partly! been! explored3043306,! with! some! studies! suggesting!
that!myelin!is!the!primary!target!of!epileptogenesis307.!!
!
The!first!proposed!investigation!to!follow!on!from!the!present!thesis!intends!to!explore!the!
acute!and!long3term!effects!of!seizures!on!white!matter!pathology.!More!specifically,!we!are!
proposing!to!collect!DTI!data!on!new3onset!epilepsy!patients!at!three!specific!time!points:!(i)!
within!24!hours!of!their!first!epileptic!seizure,!(ii)!six!weeks!after!their!initial!seizure!and!(iii)!
six!months!after!their!first!seizure.!Based!on!the!results!of!a!preliminary!analysis!by!Dr.!Colin!
Doherty! and! his! colleague,!Dr.! Joel!Oster308,!we! hypothesise! that! (i)! acute! epileptogenesis!
associates! with! transient! changes! in! diffusion3inferred!WM! organisation! and! (ii)! recurrent!
epileptogenesis! over! a! six3month! period! associates! with! permanent! microstructural!
alterations!in!brain!WM.!!
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7.5.2.%ENIGMAFEPILEPSY:%An%international%collaborative%analysis%of%neuroimaging%and%
genetic%data%
Following!on!from!the!sub3phenotype!analysis!outlined!in!section!2.4.3!(currently!on3going)!
and! the! ILAE3wide! polygenic! SCORE! analysis! detailed! in! section! 4.4.3! (currently! in!
preparation),!we!plan!to!establish!a!new!ENIGMA!working!group!dedicated!to!the!collection!
of! neuroimaging! and! genetic! data! from! multiple! international! epilepsy! centres,! with! the!
ultimate! goal! of! maximising! our! power! to! detect! subtle! genetic! and! neuroanatomical!
markers!in!the!disorder.!Taking!its!lead!from!previously!established!disease!working!groups,!
including! ENIGMA3HIV,! ENIGMA3AUTISM,! ENIGMA3SCHIZOPHRENIA! and! many! others! (see!
figure! 89),! this! ENIGMAWEPILEPSY& consortium! aims! to! pool! and! compare! T1! and! DTI! data!
from!neuroimaging!centres!around!the!world.!!
!
!
!
!
!
!
!
&
&
Figure&89:&Worldwide&locations&of&the&current&ENIGMA&working&groups.&
Image#adapted#from#Thompson#et#al.113#
!
Coordination!of! the!ENIGMA3EPILEPSY!consortium!will!potentially! form!a!major!part!of!my!
post3doctoral! research! fellowship! at! the! Imaging! Genetics! Centre! (IGC),! University! of!
Southern!California.!Alongside!ENIGMA3EPILEPSY,!I!hope!to!play!a!role!in!the!IGC’s!on3going!
development!of!more!sophisticated,!standardised!meta3analysis!protocols113;!including!qMRI!
measures!of!cortical!complexity,!curvature,! spectral!content!and! fractal!dimension!and!DTI!
measures!of!fibre!tractography!and!connectomics;!eventually!disseminating!these!protocols!
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to! epilepsy! member! sites.! Finally,! I! intend! to! pursue! funding! for! a! ‘multi3modal’! imaging!
project! involving!the!simultaneous!application!of!PET!and!MRI! in!epilepsy!patients!at!USC’s!
Keck! School! of! Medicine.! The! combination! of! PET! tracers! with! fibre! tractography,! qMRI!
morphology/volumetrics,! fMRI! and! MRI! spectroscopy! could! offer! several! unprecedented!
insights! into! seizure! generation! and! propagation,! such! as! the! presynaptic! (using! MRI!
spectroscopy)! and! post3synaptic! (using! 11C3flumazenil! PET)! features! of! GABA! transmission!
during!inter3ictal!periods309.!
!
!
!
!
!
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Conclusion!
From!its!Ancient!Grecian!misnomer!as!a!sacred%disease!to!its!misguided!medieval!treatment!
via! trepanation! of! evil% spirits,% epilepsy! is! one! of! mankind’s! oldest! and! obstinately!
misunderstood!disorders.!Modern!medical! imaging,!biological!and!statistical!techniques!are!
slowly!helping!us!unravel!the!genetic!and!phenotypic!complexities!of!the!disorder.!This!thesis!
employed!both!medical!imaging!(qMRI,!DTI)!and!biological!statistics!(GWAS,!RRHO,!polygenic!
analysis)! in! order! to! elucidate! several! novel! genetic! and! neuroanatomical! aspects! of!
epilepsy;! including! three! common! variants! predisposing! to! common! forms! of! the! illness!
(chapter!2),!two!disrupted!structural!connectomes! that!may!help!distinguish!two!otherwise!
comparable! epilepsy! subtypes! (chapter! 5)! and! a! possible! diffusion3based! endophenotype!
that! could! aid! future! genetic! mapping! efforts! in! the! disorder! (chapter! 6).! Many! genetic!
precursors! and! neuroanatomical! underpinnings! remain! undiscovered.! The! pioneering!
Spanish!neuroanatomist,!Santiago!Ramón!y!Cajal,!described!these!enigmatic!neurobiological!
pathways! as! “impenetrable! jungles! where! many! investigators! have! lost! themselves”.!
However,! in! this! new! century! of! neuroscience,! where! international! collaborations! and!
methodological! advances! continue! to! unravel! the! intricacies! of! human! disease! at! an!
exponential!rate,!the!peripheries!of!this!scientific!wilderness!are!slowly!coming!into!sight.!It!
is!hoped!–!as!we!continue!to!establish!ambitious!worldwide!consortia!and!innovative!multi3
modal!technologies!–!that!the!bi3millennial!mysteries!of!epilepsy!will!await!on!the!other!side.!!!
!
!!!!!!!
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